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Spot welding has been used to join steel sheet material in the past during automotive manufacturing. The 
increasing use of aluminum and mixed materials to achieve continually increasing fuel economy standards requires 
mechanical joining methods to provide adequate impact performance. One such mechanical joining process is self-
pierce riveting (SPR). Self-pierce riveting has grown in popularity in recent years due to fast cycle times, high static 
strength and fatigue performance as well as the ability to join many different sheet material combinations. 
Self-pierce rivet utilization has become limited due to the material properties of the rivet in two main areas: 
the joining of high-strength sheet material and joining of multiple sheet material combinations using a single rivet 
geometry, referred to as commonization. Two specific case studies have been developed to assess the failures that 
occur and evaluate potential solutions: joining of press-hardened steel (PHS) to Al6111 and improved 
commonization ability using a two layer aluminum joint that is currently joined with a specialized rivet. 
Riveting trials have been performed on each of the two case studies using cold forged rivets produced from 
10B37 steel that has been heat-treated through a quench and temper process to a range of hardness levels to evaluate 
the failures that occur within the rivet. The failures occur with two different modes: buckling of the rivet at hardness 
values below 550 HV when joining PHS and Al6111 and fractures that occur in the rivet tail at hardness values 
above 550 HV during joining in each of the case studies under evaluation. The fractures have been attributed to a 
high degree of hoop strain that forms when the rivets are flared beyond the design specifications. 
A method to replicate the rivet flaring procedure under laboratory conditions has been developed by flaring 
the rivets through various strain paths to induce a hoop strain and the resultant fractures. The flaring method shows 
the ability to replicate the types of fractures that were observed during joining attempts while monitoring applied 
force, crosshead displacement and strain at the point of fracture at the rivet tail using digital image correlation. 
Alternative alloys including 4130, 4340 and 5160 were evaluated alongside 10B37 for improved 
performance after quenching and tempering, austempering and after being intentionally decarburized to varying 
degrees. The heat-treatments were evaluated through microscopy, fractography, rivet flaring and joining attempts for 
each case study and alloy under investigation. 
All of the alternative alloys showed no significant performance gains after being quenched and tempered or 
austempered. However, hoop strain to failure during flaring was increased between 2-4x after the rivets had been 
intentionally decarburized. The intentionally decarburized rivets were evaluated through joining trials and provided 
successful joining for each of the case studies under investigation using 10B37 rivets. Rivets produced from 4340 
and 5160 also showed instances of success during joining attempts. 
The Cockroft and Latham failure criterion was evaluated in regards to rivet flaring through the 
development of finite element simulations using Abaqus. The Cockroft and Latham failure criterion was able to 
successfully predict the location of riveting fractures through multiple strain paths, rivet geometries and 
microstructures. Cockroft and Latham values from tensile tests of 10B37 wire led to an underestimate of the strain to 
failure when compared to the rivet flaring process for quenched and tempered rivets but was very similar to the 
strain predicted for rivets that had been intentionally decarburized. 
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Self-pierce rivets (SPR) have been in use for automotive applications since the early 1990’s due to the 
increased use of lightweight aluminum alloys as well as sheet metal joints consisting of mixed materials, such as 
aluminum and mild steel. The use of aluminum alloys and joint stacks utilizing dissimilar materials is motivated by 
an effort to reduce weight and achieve incoming CAFE standards to increase vehicle fuel efficiency [1]. Due to the 
difficulties in welding these aluminum and mixed material joints, mechanical joining methods have been employed 
widely for automotive production in recent years.  
Two case studies have been developed to address specific areas where the implementation of the SPR 
process has been limited by the material properties of the rivets: joining of press-hardened steel (PHS) and Al6111 
and improved commonization of high volume rivet geometries. 
Sheet metal combinations featuring high strength steel and aluminum are highly desirable for automotive 
use due to the ability to reduce weight while maintaining crashworthiness. One such material combination that is 
limited by the mechanical properties of the SPR is the joining of press-hardened steel and Al6111. Efforts to develop 
a rivet and procedure to join PHS and 5000 series aluminum have proven successful but have resulted in failures 
when integrating higher strength aluminum alloys with lower ductility, resulting in either sheet metal or rivet 
fractures. 
In addition, limitations in material properties of the rivets have necessitated the use of many different rivet 
geometries in a single vehicle to join the high number of sheet metal combinations. The increased number of unique 
joints has led to complexity during vehicle design as well as increased cost and time to manufacture. The ability to 
use a single rivet and die combination to join as many sheet metal combinations as possible is referred to as 
commonization and is highly desirable during the automotive design and manufacturing process. 
 
1.1 Research Objectives 
The objectives for this research are derived from the previously mentioned issues surrounding SPR use 
during vehicle manufacture. Fulfillment of these objectives will ideally facilitate the successful joining of advanced 
material combinations, such as PHS and Al6111. In addition, successful development of an improved SPR alloy or 
processing method has the potential to provide improved commonization ability during vehicle production and yield 
a reduction in both cost and manufacturing time. 
 
The research objectives for this body of research are defined as the following: 
• Understand the impact of rivet mechanical properties, stress state, and microstructure on SPR performance 
and failure in demanding joining scenarios. 
• Modify SPR alloying and/or processing to allow the joining of new automotive sheet metal combinations 
that are not currently possible. 
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• Improve the mechanical properties of rivet alloys to allow greater robustness and versatility during joining 
and facilitate a reduction in unique rivets required when producing an automobile. 
• Determine a robust failure criterion for the rivet flaring process that may be included in future finite 
element simulations of the riveting process.  
 
1.2 Thesis Overview 
 Chapter 2 consists of a review of the current SPR technology as well as a comparison between alternative 
spot joining methods currently employed in automotive production. An overview of the SPR production method and 
testing methodologies to evaluate joint strength is discussed as well. A comparison of 10B37 and the alternative 
alloys utilized in this work is presented along with the associated microstructures and alternative processing methods 
to yield increased strength and/or toughness. The mechanism and effects of decarburization are also discussed. 
Published work concerning the finite element simulation of the SPR process to define the strains incurred by the 
rivet during joining as well as a discussion of failure criteria and their usage for riveting and analogous metal 
forming processes is presented. 
 The experimental approaches used in this research are presented in Chapter 3. The alloys and processing 
methods utilized for the production of prototype self-pierce rivets are discussed in detail. The methodology used to 
perform initial joining trials of demanding automotive sheet metal combinations and the subsequent joining attempts 
with prototype rivets produced with alternative alloys and processing methods is defined. The mechanical testing 
methods to determine the mechanical properties of 10B37 steel wire for integration into finite element simulations 
are described. The motivation, design and implementation of a laboratory test to define SPR performance through 
compressed flaring of rivets over a die until failure is described as well as the use of digital image correlation (DIC) 
during these tests to further define the strain state during rivet flaring for later validation of the finite element 
simulations constructed in Abaqus. Finally, a description of the failure criteria evaluation for the SPR flaring process 
is discussed. 
Chapter 4 consists of the results from the previously mentioned experimental methods; the results are 
discussed in Chapter 5 with the goal of defining the specific material properties that dictate success of a SPR during 
riveting of demanding joining scenarios. The strain state of the rivet, defined through both DIC and finite element 
simulations, is presented and compared to failures incurred during flaring and riveting trials to determine the failure 
mechanism of the rivet and the relation to the microstructure and mechanical properties of the rivet. The DIC 
measurements are compared to the finite element simulations to justify the use of the simulations in the evaluation 
of a failure criterion to predict the location of the riveting failures.  
The conclusions from the experiments performed on both rivets and wire of multiple alloys and processing 
methods are presented in Chapter 6 with the aim of defining a specific set of material properties and microstructures 
that are capable of providing the required combination of strength and ductility to allow successful joining of sheet 
metal in demanding scenarios. The ability to apply failure criteria to the rivet flaring process to predict failures is 




 This chapter discusses prior work performed on the SPR process in terms of the production of self-pierce 
rivets (SPR) along with the formation and evaluation of joints performed on various sheet metal combinations. 
Finite element simulations of the riveting process are presented to define the stress and strain state of the rivet during 
flaring and their relation to riveting failures described in the results of this research. Alloying contributions used for 
medium carbon martensitic steel and their effect on strength are discussed to frame the selection of alternative alloys 
for rivets. Additionally, the microstructures currently in use for the SPR process and alternative microstructures 
produced through alternative heat-treatment processes are discussed. The mechanism and effects of decarburization 
are discussed in order to frame the motivation for heat-treatments discussed in later chapters of this document. 
Finally, the applicability of failure criteria to predict failures in analogous deformation processes, such as hole-
expansion in sheet material, is presented. 
 
2.1 Self-Pierce Rivet Process Overview 
The self-pierce rivets utilized in this investigation are produced from 10B37, a medium carbon steel with 
boron additions to improve hardenability along with mild solid solution strengthening additions to improve strength 
and allow the rivet to penetrate the sheet metal without buckling. The composition of 10B37 is given in Table 1. The 
steel wire is spheroidized before being cut into a blank with the ends ground parallel prior to a 4-8 hit cold forging 
process where the rivet shank is back extruded to the final length. The rivet head is then forged in a variety of 
shapes, dependent upon the final placement in the vehicle; a schematic of the cold-forging process is shown in 
Figure 2.1 [2]. The rivets are then austenitized in an inert atmosphere to prevent decarburization before being oil 
quenched to a fully martensitic microstructure. Finally, the rivets are tempered at varying temperatures to yield a 
range of hardness values dependent upon final application. The rivets under investigation in this research are the 
highest automotive hardness level and have a hardness of 555 ± 30 HV. Rivets can be coated per customer 
specifications to reduce corrosion potential and act as an ablative lubricant during insertion through a mechanical 
plating process where the rivets are milled with fine tin particles until a coating of sufficient thickness is developed. 
Due to the variety of materials and joint stacks in use in the automotive industry, self-pierce rivets are commercially 
available in many different diameters, lengths, geometries, and hardness levels.  
The rivet is inserted by a servo electric punch that delivers force based on the desired punch velocity with a 
maximum setting force of 80 KN and maximum setting velocity of 400 mm/s. The semi-tubular steel rivet is driven 
through the top sheet(s) and is flared with the aid of a rigid die into the bottom sheet without penetration; the 
riveting procedure is shown in Figure 2.2a-c. A mechanical interlock is formed between the rivet and the bottom 
sheet as the rivet flares under influence of the forming die, providing joint integrity. The mechanical interlock, 
shown in Figure 2.1c provides higher strength in both static and fatigue loading than competing technologies, such 
as clinching or resistance spot-welding [3]. The rivet is set within predefined flushness specifications to a nominal 
head height in relation to the top sheet, which is dependent upon rivet head geometry and joint location within the 
vehicle. 
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10B37 has been the only alloy widely used in automotive applications; specialized stainless steel rivets and 
aluminum rivets have been used in specific cases but show lower performance in joint testing than rivets produced 
from heat-treated 10B37 steel [4]. Typically, when a new sheet metal combination is called for in the design of an 
automobile, new rivet geometries, setting parameters and forming die shapes are developed to accommodate the 
demands, as opposed to changing the rivet material or mechanical properties [5]. The development of new rivet 
shapes has led to dozens of rivet, sheet metal and forming die combinations that are required for automotive 
production. The high number of unique joints results in a large degree of complexity in terms of equipment and 
processing during vehicle construction. The development of a rivet with improved mechanical properties may lead 
to the successful joining of new material combinations while using existing rivet geometries and die combinations to 
provide improved versatility, higher joint strength and a subsequent reduction in complexity during manufacture. 
 
Table 2.1: Composition of 10B37 Boron Steel Used to Produce Commercial Self-Pierce Rivets 
 
wt pct C Mn Si Ni Cr Mo Ti V Al B S P Cu 
10B37 0.37 0.76 0.08 0.02 0.28 0.01 0.03 0.01 0.04 0.004 0.008 0.015 0.01 
 
    
(a) (b) (c) (d) 
Figure 2.1 A schematic of the cold forging of a semi-tubular self-pierce rivet. (a) Wire rod is formed into a 
blank and inserted prior to forging. (b) The rivet shank is extruded by a punch. (c) The rivet head 
is forged. (d) The rivet is ejected from the forging process [2]. 
 
 
Figure 2.2 A cross section schematic of the insertion of a self-pierce rivet into a two-sheet stack. (a) The 
setup prior to riveting. (b) The rivet pierces the top sheet. (c) The rivet is flared by the die into the 
bottom sheet, resulting in a nominal head height with significant interlock and no perforation of 

















2.2 Self-Pierce Rivet Joining and Evaluation 
 Self-pierce rivets are mainly employed to join aluminum joint stacks and mixed material joints consisting 
of mild steel and aluminum. Rivets must also perform well during an impact scenario. As a result, several test 
methods to evaluate joint strength have been developed and utilized in the automotive industry to justify the use of 
SPR joining where sheet metal was previously joined by either resistance spot welding (RSW) or mechanical 
clinching. The three main testing methods are lap shear, coach peel and cross-tension testing. The three tests are 
depicted in Figure 2.3a-c using two sheet thickness (2T) joints. These test methods can encompass most joint 
orientation and impact deformation scenarios encountered during a vehicle impact and can give a general indication 
of the toughness of a riveted joint. The standard specimen geometries are summarized by Chrysanthou and Sun [6]. 
 
   
(a) (b) (c) 
Figure 2.3 Representative photos of the three main rivet joint strength evaluation tests. (a) Lap shear testing, 
where two sheet metals are pulled in tension until joint failure (b) Coach peel testing, where the 
sheet metal is bent at 90 degrees prior to being pulled in tension. (c) Cross-tension, where the 
sheets are situated orthogonally and pulled apart in tension [6]. 
  
The three test methods yield characteristic curves that provide the maximum pull out force for the rivet 
along with an indication of joint toughness by calculating the area under the load/displacement curve. These tests 
indicate that SPR joints outperform both RSW and mechanical clinching in static joint testing using identical sheet 
metal combinations [3]. In addition, cross-tension testing has identified that initial rivet length is well correlated 
with joint strength where a longer rivet, if able to perform a successful joint without fracture or perforation of the 
bottom sheet, provides a greater interlock distance and a resulting improvement in total joint strength and energy 
absorbed at failure [6]. 
 Rivets have been successfully used to join various aluminum alloys [7-9] as well as aluminum to mild steel 
[10-12] and aluminum to carbon fiber composites [13]. Joining attempts between aluminum alloys and high-strength 
steel sheets (up to 1000 MPa UTS) have had limited success through modification of die shape and joining 
parameters [14, 15]. A specialized rivet geometry, developed by Henrob Ltd., provides successful joining of 
22MnB5 press-hardened steel (PHS) sheet to 5000 series aluminum through the use of a flat bottom die that 
provides a small degree of rivet flaring when compared to a die with a contoured pip. The rivet and die combination 
did not translate to successful joining of PHS to 6000 series aluminum due to the reduced ductility of 6000 series 
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aluminum when compared to 5000 series aluminum. The reduced substrate ductility has resulted in sheet metal 
failures, shown in Figure 2.4. As a result, alternative techniques have been developed to facilitate the joining of 
22MnB5 sheet to various aluminum alloys, such as soft-zone processing and local induction conditioning [16, 17]. 
Soft zone processing is an operation that occurs during the press-hardening process where the cooling rate is reduced 
through the application of heat at selected locations in the die to prevent the martensitic phase transformation and 
leave a portion of the final part with a microstructure consisting of ferrite and pearlite. The location(s) with altered 
cooling rate and the resultant microstructures allow riveting using standard rivet geometries due to lower hardness at 
the riveting sites. The local induction conditioning procedure is similar to soft-zone processing with the goal to alter 
the microstructure at the rivet sites but is achieved through post processing of the press-hardened part. The riveting 
locations are subjected to an austenitization step and controlled cooling rate to room temperature to achieve a 
ferrite/pearlite microstructure using small induction coils to provide a localized reduction in hardness. The local 
induction conditioning process is schematically shown in Figure 2.5 along with the microstructures achieved 




Figure 2.4 Joining results using specialized rivets produced to join PHS and aluminum. (a) Successful joining 
attempts of PHS and 5000 series aluminum using a flat bottom die. (b) Unsuccessful joining 
attempts of PHS and 6000 series aluminum, resulting in fractures of the bottom aluminum sheet 
(circled). 
 
   
(a) (b) (c) 
Figure 2.5 Local induction conditioning process. (a) Induction coil placed on riveting site to perform heat-
treatment. (b) Ferrite/pearlite microstructure at conditioned site with reduced hardness. 
(c) Martensite/bainite surrounding microstructure [17].  
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2.3 Finite Element Modeling of the Self-Pierce Riveting Process 
 The automotive industry is faced with many different sheet metal combinations and thus, many different 
scenarios where SPR may come into use. Rivet diameter, rivet length, die shape and setting force are currently 
chosen through a trial and error method where the sheet metal stacks to be joined are compared to historical results, 
and the joining parameters modified until the joint adheres to the automotive specifications. Evaluations are based 
on rivet cross sections to determine interlock distance and possible rivet failure along with joint testing to determine 
maximum pull out force and energy absorbed through the previously mentioned joint testing procedures. The trial 
and error methodology for evaluating new sheet material combinations can be time consuming, requiring many tests 
to formally validate a specific rivet and die combination for final use during manufacturing. As a result, significant 
effort has been put forth in recent years to develop finite element simulations that will allow faster and less costly 
evaluation of both cross-sections and final joint strength for proposed joints. Joints that provide either successful 
joining [10, 18] or predictable failures [14, 15] are chosen to have joint cross-sections compared between 
experimental results and simulations to determine the accuracy of the simulation predictions. Simulations focus on 
the sheet material or joint properties [8, 19-22] and not that of the rivet. In most cases, the simulations do not 
integrate a failure criterion for the rivet to predict rivet fractures, as the joints being simulated are known to be 
successful. However, a study has been completed using the Rousselier ductile void initiation criterion [23], the 
details of which will be discussed in section 2.4, to attempt to predict failures of the rivet during joining with limited 
success when simulating a 2T aluminum joint with a single rivet geometry [24]. This study accurately predicted the 
location of void nucleation during rivet flaring but due to surface defects acting as notches and giving a variation of 
failure strains, the model was not able to predict failure during the riveting operation. Multiple studies have been 
performed which allow analysis of the stress and strain state of the rivet during flaring and have shown a high 
degree of Von Mises stress and effective strain at the tail of the rivet where the amount of flaring is highest when 
joining sheet material [25, 26]. The evolution of Von Mises stress at the tail of the rivet for two rivet geometries is 
shown in Figure 2.6a and b. The high degree of stress, over 2000 MPa, can result in cracks that propagate vertically 
up the shank of the rivet and have been noted as the dominant failure mode that occurs when attempting to join sheet 
stacks that call for a high degree of rivet flaring. An example of a rivet that has failed in this manner is shown in 
Figure 2.7a along with the Rousselier failure criteria distribution predicting failure along the interior of the rivet 




Figure 2.6 Effective stress distribution during riveting. (a) Effective stress as a function of stroke time during 
riveting of a 2T aluminum joint stack on the location of the rivet marked by the arrow. (b) Effective 




Figure 2.7  (a) Failed rivet showing fracture proceeding up the rivet shank due to flaring during joining. (b) 
Rousselier ductile void initiation criterion for a rivet during joining of 2T aluminum joint stack 
showing a maximum on the interior of the rivet shank, marked with arrows (darker colors 
correspond to larger criterion values) [24]. 
 
2.4 Ductile Failure Criterion 
 During many metal-forming processes, the limitation of flow during a single operation is the formation of 
ductile fractures within the work piece. The formation of these fractures has been approached through the initiation, 
growth and coalescence of ductile voids or through an estimation of total energy of the work piece during forming. 
A failure criterion dealing with the formation of ductile voids has been defined by Rousselier [23] and applied to the 
SPR process; the Rousselier criterion is shown in Equation 2.1 where �! is the Von Mises stress, �! is the 
hydrostatic stress, kf is the actual yield stress, � is the volume faction of voids, and �! is a material parameter 
identified as the Rousselier constant. The equation is iterated until the critical void fraction, �!, is reached and the 
stiffness (�) goes to zero to identify a fracture. More generalized criteria proposed by McClintock [27, 28] and 
Oyane [29] also deal with the initiation and coalescence of voids to form fractures. The aforementioned failure 




























formed. As a result, these criteria assume some initial volume fraction of voids or a void initiation criterion along 
with void spacing. The failure criterion is achieved when the edges of the voids intersect, forming a ductile fracture. 
These criteria may provide a high degree of accuracy but require definition of material properties beyond that of the 
stress and strain state during forming and can have considerable variation depending upon the void size and growth 
rate which are normally varied so that the criteria accurately predicts failure of a specific deformation process. 
  � �! ,�!, �, �! =
!!
(!!!)
− �! + 2 ∗ �! ∗ �! ∗ � ∗ �
!! !!! ∗!! = 0    (2.1) 
An alternative approach, utilized by Cockroft and Latham [30], Brozzo [31], Freudenthal [32] among 
others, provides a more simplified approach that focuses on the integral of the stress components resulting from the 
deformation over the effective strain from the start of deformation until the initiation of fracture. The Cockroft and 
Latham failure criterion is shown in equation 2.2 where �! is the maximum principal stress, � is the effective strain, 
and �! is the equivalent plastic strain at failure. The criterion is satisfied when the constant, C, equals the energy 
consumed by the test piece at failure. The equation can also be normalized by C such that when fracture occurs the 
equation equals 1. Most of these criteria are defined through a uniaxial tensile test, during which the effective stress 
and effective strain can be easily defined up to the ultimate tensile strength and from the reduction in area at failure. 
The application of failure criteria to a uniaxial tensile test allows the energy to failure to be applied to more complex 
metal forming applications to estimate the formation of fractures. Depending upon the mode of fracture in the 
deformation process under investigation, being surface or subsurface initiated, the application of uniaxial tensile 
testing data may not accurately predict the fracture formation. 
     �! �
!!
!
� = �          (2.2) 
Typically, during the simulation of a SPR joint, there is no failure criteria included for the rivet. However, 
the sheet metal must have some sort of failure criteria applied to accurately simulate the piercing of the top sheet(s) 
and to predict potential perforation of the bottom sheet during the flaring of the rivet. The identification of a valid 
failure criterion for the rivet to be included during the simulation process will increase the usefulness of future SPR 
simulations as well as provide an indication of the maximum rivet length which can be utilized in any sheet metal 
stack to provide the highest degree of interlock and thus, the strongest joint.  
 At this point, the only failure criterion that has been applied to the SPR process is the Rousselier criterion, 
which predicts the formation of fractures at the interior of the rivet shank during flaring. This criterion has led to a 
degree of success but was not able to predict the fractures of the rivet since the rivets used during the joining 
attempts did not fracture consistently due to surface defects acting as notches. The initiation sites of rivets that failed 
under different joining circumstances were not defined [24]. A somewhat analogous process to rivet flaring, hole-
expansion of sheet material, has had various failure criteria applied that accurately predict the location of fracture 
initiation as well as the total energy to fracture in multiple sheet materials [33]. The results from those models are 
shown in Figure 2.8 where a single sided, axisymmetric simulation of a sheet that has been subjected to a 
hole-expansion process is shown. All criteria predicted fractures occurring around the regions with highest strain 
with slight differences in location between the inner surface where the punch is in contact and outer free surface of 






Figure 2.8 Distribution of fracture criteria during a hole-expansion experiment where fractures developed at 
the outer circumference of the hole. (a) Effective strain, showing a maximum on the interior of the 
hole during expansion. (b) Oyane ductile failure criterion predicting maximum damage at both the 
inner and outer circumference of the hole. (c) Brozzo ductile failure criterion and (d) Cockroft and 
Latham failure criterion both accurately predicted the location of the final fractures that formed 
[33]. 
 
2.5 Self-Pierce Rivet Alloy Effects 
 Self-pierce rivets for automotive use are currently produced from 10B37 steel, the composition of which 
has been previously defined in Table 2.1. This steel was selected for use since it satisfied all of the requirements for 
producing a successful rivet at a limited cost. For a SPR to be successful it must first be cold forged. 10B37 steel is 
provided in coils of wire after a spheroidize annealing heat-treatment to reduce the yield strength to facilitate the 
cold-heading operation. The spheroidized microstructure allows the formation of the complex geometries required 
for various joining applications, especially 3T and 4T joint stacks which require rivets up to 12.0 mm (0.472 in) in 
total length without damaging the cold-forging equipment.  
Hardenability is the measure of an alloy to achieve a martensitic microstructure during quenching at a 
specific cooling rate. 10B37 is readily hardenable through an oil quenching process and can achieve the nominal 
hardness value of 555 HV required for automotive joining after tempering. Tempering at higher temperatures 
produces rivets of lower hardness values and improved flaring ability to be used when dealing with softer sheet 
metal. The alloying of 10B37 includes additions of B, Cr and Mn to provide hardenability and allow through 
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hardening of the rivet during the oil quenching process [34-36]. The effects of common alloying elements on 
hardenability of steel are shown in Figure 2.9. Boron is particularly potent in terms of increasing hardenability 
through the poisoning of ferrite nucleation sites.  
The alternative alloys utilized in this study were chosen to provide a variation in hardenability and column 
strength through the modification of solid solution alloying and carbon content.  
 
 
Figure 2.9 Hardenability multiplying factors for common alloying elements in steel. Manganese, 
Molybdenum and Chromium showing the strongest effect with Silicon and Nickel providing a 
slight effect [36].  
  
The high strength of the current rivets is mainly due to the fully martensitic structure and carbon content of 
the steel. Strength and hardness of martensite is a function of carbon content as shown in Figure 2.10, where 
hardness increases with carbon content up to approximately 0.9 wt pct. Carbon occupies the octahedral interstitial 
sites in the austenite FCC lattice, which provides distortion of the unit cell to yield a body centered tetragonal lattice 
after a diffusionless phase transformation occurs. Due to the lack of macroscopic distortion within the martensite 
habit plane, the shear components are accommodated by internally slipped planes or through the formation of 
twins [37]. As the carbon content increases, the shear component of distortion also increases, causing a higher 
frequency of twins or slipped planes to be required to maintain the habit plane. The addition of twins and slipped 




Figure 2.10 Hardness as a function of carbon content for different martensitic steel compositions showing the 
increase of hardness with carbon content. The reduction in hardness at high carbon levels is a 
result of retained austenite [38]. 
 
Typically, medium carbon steel that has been quenched to martensite is not used in the as-quenched 
condition due to the potential for brittle fracture and low toughness. Low temperature tempering of martensite 
(below 250 °C) provides benefits in yield strength, total elongation and reduction of area, as shown in Figure 2.11. 
Tempering allows the formation of fine transition carbides to reduce the carbon supersaturation of the martensite, 
leading to a decreased hardness but also increasing the mobility of the remaining dislocations to provide an increase 
in elongation and toughness [38]. Tempering can reduce the hardness of an SPR, which can hinder the capability of 
the rivet to pierce hardened steel sheet, but provides an increase in toughness, allowing the rivet to flare to a higher 
degree without fracturing and provide a larger interlock distance and higher joint strength. 
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Figure 2.11 Impact of low-temperature tempering of martensite on tensile mechanical properties; ultimate 
tensile strength (UTS), yield strength (YS), reduction of area (RA) and total elongation (etel). 
Yield strength, reduction of area and total elongation increase during tempering below 250 °C 
[38]. 
 
In order to improve the mechanical properties of rivets, additional strengthening techniques must be 
employed. A technique that has been employed in the development of high strength steels is the addition of 
substitutional solid solution strengthening elements, which can be fully dissolved in the parent austenite structure 
prior to transformation into martensite. The addition of alloying elements causes distortion within the lattice as a 
result of atomic size differences and the formation of strain fields that interact with mobile dislocations, causing an 
increase in strength. The strength contributions from substitutional elements are significantly less than that of 
interstitial carbon but are still appreciable. The effect of various solid solution strengthening elements on strength is 
shown in Figure 2.12. In addition to an increase in strength, some substitutional alloying elements also affect the 
hardenability of steel by increasing the stability of the austenite phase. In the case of rivets, sufficient hardenability 
is necessary to provide a fully martensitic microstructure in the rivet after quenching in oil. 
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Figure 2.12 Solid solution strengthening contribution of various iron base alloys at 1.5 atomic percent alloying. 
Nickel, manganese and silicon all contribute to solid solution strengthening [37]. 
 
2.6 Alternative Self-Pierce Rivet Microstructures 
 Almost every SPR currently in use for the production of automobiles is a fully martensitic microstructure 
with few exceptions, such as stainless steel rivets utilized in special cases as well as limited use of aluminum rivets 
[39, 40]. Martensitic rivets are used mainly due to the high hardness attained through a quench and temper treatment 
and the range of hardness values that can be achieved through modification of the tempering parameters. As 
previously mentioned, if a particular rivet is not capable of joining a selected set of sheet material, alternative rivet 
geometries are chosen or specifically developed for each material combination. As a result, microstructural 
modification to improve strength and toughness has not been thoroughly investigated but may provide performance 
improvements while using currently produced rivet geometries and alloys.  
 It has been shown that producing bainite-martensite microstructures with 15-25 pct lower bainite in 
medium carbon steels can provide improvements in strength, ductility [41], impact energy [42] and fracture 
toughness [43]. These effects are shown in Figure 2.13 using AISI 4340 steel. These microstructures are achieved by 
an isothermal hold above the martensite start temperature (MS) to allow lower bainite to form a specific volume 




Figure 2.13 Impact of the integration of 25 pct lower bainite within a quenched and tempered martensitic microstructure 
using 4340 steel, solid lines for the bainite/martensite mixture and dashed lines for martensite. (a) a plot of tensile 
strain to failure as a function of temperature for AISI 4340 austempered to include 25 pct lower bainite and with a  
fully martensitic microstructure [42]. (b) Charpy U-notch impact energy as a function of temperature for AISI 
4340 with 25 pct lower bainite and in a fully martensitic microstructure [43]. Both strain at failure and impact 
energy were improved at room temperature through the integration of 25 pct lower bainite within the 
microstructure. 
 
These improvements in strength and toughness are thought to relate to the partitioning of austenite grains 
by bainite laths during the austempering process, leading to a refined martensite packet size in the final 
microstructure after quenching to room temperature [41]. Also, regions of bainite may act as crack arrest points and 
provide a stress relief effect, contributing to higher fracture toughness and impact energy [42]. There may also be 
the potential for carbon to be consumed during the formation of lower bainite, leading to a reduction in the 
formation of carbide films on prior austenite grain boundaries which can contribute to lower toughness in quench 
and temper steels, as in quench embrittled martensite [38]. The effects of including approximately 25 volume pct of 
lower bainite within a martensitic microstructure will be investigated in later chapters to determine the positive 
effects, if any, on critical SPR performance parameters. 
 
2.7 Decarburization Process and Effects 
 Decarburization of steel can occur under varying atmosphere conditions during the austenitization and 
tempering process as carbon atoms diffuse through the matrix to react with the furnace atmosphere, resulting in a 
reduction of carbon at the surface [44]. Typically, the reactions occur when the carbon proceeds down a 
concentration gradient from the bulk of the steel part to the surface where interaction with an oxidizing atmosphere 
occurs; the carbon reacts with the oxygen present to form a gaseous product (CO, CO2). Oxygen can also react with 
Fe to form a variant of iron oxide (FeO, Fe2O3, Fe3O4). Oxidation can also occur through interactions of the carbon 
in solution with either CO2 or H2O in the furnace atmosphere to form CO or CO and H2, respectively [45]. The 
depletion of carbon can result in a reduction in surface hardness after quenching to martensite and in some cases, a 
reduction in hardenability such that the surface of the steel component is unable to achieve a fully martensitic 
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microstructure [44]. If the carbon at the surface is reduced significantly and the austenitization temperature is low, a 
portion of the surface may form intercritical ferrite during austenitization. The extent of decarburization is 
determined through either light optical metallography to identify ferrite formation or through hardness testing to 
assess the reduction in hardness that has resulted from the decarburization process [46]. In most cases, 
decarburization is detrimental to mechanical properties, mostly in scenarios where wear [47] and fatigue [48] are of 
concern. However, in certain cases where ductility is of concern [49], specifically with surface initiated fractures 
[50], total performance can be increased significantly through the addition of a decarburized layer at the surface of 
the steel part. Results from a series of three-point bending experiments performed on 300M steel that had been 
intentionally decarburized to varying degrees are shown in Figure 2.14. It can be seen that the steel sheets that were 
decarburized for longer periods of time provided a much higher degree of displacement to failure while maintaining 
similar strength levels as steel that had not been decarburized.  
The concept of intentional decarburization has not been applied to the SPR joining process as of yet but 
may provide an improvement in flaring performance as the surface of the rivet experiences the highest degree of 
strain and fractures are predicted to initiate at the surface during SPR joining simulations. The effects of intentional 
decarburization of rivets will be investigated and discussed in Chapters 4 and 5. 
 
 
Figure 2.14 Force/width as a function of crosshead displacement for 300M steel that had been decarburized at 
1100 °C for 4 to 65 minutes showing a significant increase in crosshead displacement to failure 
































 This chapter details the materials and processes used to evaluate the failures that are occurring within the 
self-pierce rivet during joining of advanced material combinations along with the development of a laboratory 
testing method to define the mechanical properties of interest. Various heat-treatments have been performed to 
attempt to improve the relevant mechanical properties of the rivet and were evaluated via the laboratory testing 
method along with riveting trials on two specific case studies where the performance of the SPR process has been 
limited by failures of the rivet. Analysis techniques have been employed to define the strain state of the rivet through 
measurement of surface strains and the construction of a finite element model to provide a thorough understanding 
of the deformation occurring within the rivet during the rivet flaring process with the goal of assessing the ability of 
the Cockroft and Latham failure criterion to predict rivet fractures. 
 
3.1 Experimental Materials 
 The 10B37 wire and forged rivets used in this investigation were provided by Henrob Corporation UK and 
consisted of 5.5 mm diameter 10B37 wire and as-forged rivets in two different geometries. The two rivet geometries 
under investigation consist of a 7.50 mm (0.295 in) long, 5.50 mm (0.217 in) diameter rivet with a 1.25 mm 
(0.049 in) thick shank and a 8.00 mm (0.316 in) long, 5.30 mm (0.209 in) diameter rivet with a 1.00 mm (0.039 in) 
thick shank. Cross sections of these rivet geometries are shown in Figure 3.1.  
The sheet metal stacks under investigation result from two case studies that have resulted in failures of the 
rivet: joining press-hardened steel to Al6111 and improved commonization using a longer than optimal rivet. The 
press-hardened steel case study was developed based on a potential future B-pillar assembly and consists of a three-
thickness (3T) joint consisting of a 0.9 mm (0.035 in) thick Al6451 top sheet, a 1.6 mm (0.062 in) thick 22MnB5 
center sheet, and a 3.2 mm (0.125 in) thick Al6111 bottom sheet. The 1.25 mm (0.049 in) shank thickness rivets 
were used to join PHS and Al6111. The commonization case study consists of a two-thickness (2T) joint consisting 
of a 2.0 mm (0.078 in) thick Al6111 top sheet and a 3.2 mm (0.125 in) thick Al6111 bottom sheet using the 1.00 
mm (0.039 in) shank thickness rivet. 
Wire material from 4130, 4340 and 5160 alloys was utilized for the production of cold-forged rivets. The 
4130 and 4340 wire was drawn from 9.25 mm (0.364 in) to the required 5.5 mm (0.216 in) and 5.25 mm (0.206 in) 
diameters by Special Metals prior to a spheroidized annealing treatment under controlled atmosphere by Bekaert 
USA. The 5160 wire was drawn from 11.50 mm (0.452 in) to the 5.5 mm (0.216 in) and 5.25 mm (0.206 in) 
required diameters for cold forging trials prior to a spheroidized annealing treatment by Bekaert Brazil. The 
compositions of 10B37 and the alternative alloys are shown in Table 2.1. The different alloys were chosen based 
upon comparable ultimate tensile strength and total elongation combinations to 10B37 while providing a variation in 
hardenability and carbon content. 
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Table 3.1 - Composition of 10B37 Steel and Alternate High-Strength Alloys Used to Produce Prototype Rivets 
 
wt pct C Mn Si Ni Cr Mo Ti V Al B S P Cu 
10B37 0.37 0.76 0.08 0.02 0.28 0.01 0.03 0.01 0.04 0.004 0.008 0.015 0.01 
4130 0.30 0.44 0.21 0.07 0.88 0.16 - 0.004 0.028 - 0.016 0.005 0.11 
4340 0.41 0.73 0.29 1.75 0.84 0.25 0.002 0.02 0.03 - 0.001 0.006 0.12 




Figure 3.1 Cross sections of each rivet geometry under investigation. (a) 1.25 mm (0.049 in) shank thickness 
rivet utilized in the PHS-Al6111 study. (b) 1.00 mm (0.039 in) shank thickness rivet used for 
commonization joining attempts. 
 
3.2 Experimental Heat-Treatment 
 Initial heat-treatments of 10B37 wire and rivets were performed to replicate commercial processing of 
rivets by austenitizing at 900° C for 25 minutes under argon atmosphere to prevent decarburization, prior to being 
oil quenched and tempered at varying temperatures for a set amount of time. The rivets were first placed in a 
stainless steel heat-treating bag with several small pieces of titanium to act as an oxygen getter. The bags were 
purged with argon gas at a low flow rate for 2-5 minutes to allow the argon to slowly replace the atmosphere in the 
bag. The excess argon was squeezed out of the bag to prevent excessive expansion of the bag in the furnace, and the 
top was sealed shut by folding over three times and the creases were set by pounding with a hammer. The top 
corners of the bag were folded over at 45° to prevent the bag from unfolding as the gas expands during the heat-
treatment process. After austenitizing, the bag was removed from the furnace and quickly cut open to allow the 
rivets and/or wire to be poured from the bag into the agitated quench oil. The rivets and/or wire were removed from 
the oil and cleaned by sonicating in acetone. The rivets were then placed into a furnace at 200° C, 250° C, or 300° C 
for 30 minutes to yield a range of hardness values. The 4340 rivets were processed in an identical quench and 
temper process to the 10B37 rivets. The 4130 rivets were austenitized under the same conditions as 10B37 rivets but 
tempering was performed at 100° C, 150° C, and 200° C to attempt to achieve the required hardness levels. 
Processing of 5160 rivets was modified by austenitizing at 850° C to reduce austenite grain coarsening while still 
achieving a fully martensitic microstructure after quenching into oil [51]. 5160 rivets were tempered at 350° C, 
  19 
400° C and 450° C for 30 minutes to promote ductility during flaring. All other processing procedures for the 5160 
rivets were identical to the 10B37 and 4340 rivets. 
 4340 rivets were prepared using an austempering process to achieve approximately 25 volume pct of lower 
bainite in an attempt to improve both strength and toughness. The austempering process was performed by 
austenitization using a salt pot furnace at 900° C followed by quenching to a different salt pot furnace at 320 °C and 
holding for 4 minutes before being quenched to room temperature using oil. The 4340 austempering heat-treatment 
was based upon the work performed by Y. Tomita to improve the mechanical properties of 4340 through the 
inclusion of a portion of lower bainite within the martensitic microstructure [42]. The rivets were then tempered at 
200 °C for 30 minutes prior to flaring to evaluate the impact of the modified microstructure. 
In order to replicate the mixed microstructure of lower bainite and martensite with the 10B37 rivets, 
dilatometry was performed to define the martensite start (Ms) temperature. Hollow cylindrical samples were 
machined from 10B37 wire with a diameter of 5.0 mm (0.20 in) and a length of 7.0 mm (0.28 in) with a 1.25 mm 
(0.05 in) wall thickness. Samples were subjected to austenitization at 900 °C for 2 minutes before being cooled to 
25 °C at 80 °C per minute to allow martensite to form. The Ms was determined with a simplified version of the 
methodology proposed by H.S. Yang [52]. The slope generated during cooling from austenite was defined and 
extrapolated until a difference of 1 µm was achieved between the dilatometer data and the slope of the cooling 
curve, an example is shown in Figure 3.2. A heat-treatment was then developed by quenching to 10 degrees above 
Ms (350 °C) and holding for a period of time ranging from 3-30 seconds to allow lower bainite to form. 
Metallography and image analysis was performed on the dilatometry samples to determine the area pct of lower 
bainite that had formed during the austempering process by etching with a solution of 1 part 4 pct picral and 1 part 
of 1 pct aqueous sodium metabisulfite. The austempering heat-treatments that achieved the desired amount of lower 
bainite were applied to 10B37 tensile samples and rivets followed by tempering at 200 °C for 30 minutes. 
 Additional heat-treatments were performed on 10B37, 4340 and 5160 rivets to intentionally induce 
decarburization to modify the mechanical properties at the surface of the rivet. Decarburization processing was 
performed by austenitizing in a salt pot furnace at 860 °C for times ranging from 20-240 minutes prior to being oil 
quenched and tempered at 350 °C for the 5160 rivets and 200 °C for the 10B37 and 4340 rivets. Decarburization 
processing was also performed on 10B37 wire samples to be used in torsion and three-point bend testing through an 




Figure 3.2 Change in length as a function of temperature during the cooling of a 10B37 from austenite at 
80 °C/s. The slope of the linear portion of the cooling curve is extrapolated and the Ms is defined 
as the temperature where a 1 micron deviation between the cooling curve and linear extrapolation 
occurs.  
 
3.3 Riveting Equipment and Procedure 
 Riveting trials were performed at the Ford Research and Innovation Center utilizing a servo-electric 
riveting machine developed by Henrob Ltd. The riveting machine consists of a rigid C-frame where the top portion 
contains a steel punch and fixture into which the rivet is loaded. The punch operates based on a target velocity and is 
powered by a flywheel to provide energy storage that engages the punch to drive the rivet through the sheet material. 
The punch speeds utilized in the PHS to Al6111 and commonization case studies were 400 mm/s (15.75 in/s) and 
365 mm/s (14.37 in/s), respectively. The setting speeds were chosen to achieve the target head heights of 0.25 mm 
(0.010 in) for the PHS to Al6111 joint and 0.0 mm (0.0 in) (full flush) for the commonization joint. The bottom 
portion of the C-frame consists of a base with a fixture to hold the 101.6 mm (4.0 inch) by 25.4 mm (1.0 inch) 
coupons of the sheet metal that are arranged according to each case study. The sheet metal is placed over the riveting 
die to form the “button” of the joint and promote flaring of the rivet. The dies utilized for the two case studies are 
specified based on depth and diameter and include a “pip” which protrudes up the center to impose a high degree of 
flare to the rivet and reduce the probability of “pull down” fractures in the bottom sheet where fractures form around 
the circumference of the interface between the bottom sheet and the die. The die used for the PHS to Al6111 joint 
was 11.0 mm (0.43 in) deep with a 22.5 mm (0.88 in) diameter, and the die used for the commonization joint was 
11.0 mm (0.43 in) deep with a 20.0 mm (0.79 in) diameter. Ten rivets of each geometry were utilized for the joining 
trials; 1-3 rivets were used to determine the appropriate punch velocity to achieve the target head height while the 
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 Joints for each case study were formed and examined for fractures of the sheet material with photographs 
taken of the bottom “button” portion. Three joints were selected for analysis and the centerline of the rivet was 
marked. The joint was then cross-sectioned using a wet abrasive cutoff saw near the centerline and ground flat and 
to the point of the centerline using an upright belt sander with 400-grit silicon carbide grinding paper. The cross-
sections were then photographed to locate any potential rivet fractures. Interlock distance was measured using the 
cross section photos by defining the distance that the tail of the rivet flares beyond the hole formed in the top 
sheet(s) of each joint stack. Due to the low volume of the rivet sampled by examination of the cross-sections, two 
rivets were also extracted from the joints by making two cuts with the wet abrasive cutoff saw from opposing sides 
of the joint. The joint was then placed in a vice and the sheet metal components were broken away to allow the rivet 
to be extracted from the joint. Extracted rivets were photographed from a bottom view, looking down the bore of the 
rivet, as well as a profile view to identify any fractures. 
 
3.4 Mechanical Flaring Apparatus and Procedure 
 In order to more accurately define the limits of riveting performance, a test method to flare the rivets over a 
die in compression was developed. There were several iterations of the mechanical flaring procedure with most 
modifications being made to improve the alignment and allow a high degree of flaring to occur along a similar strain 
path to that developed during joining. The test was developed to give an indication of the two main properties that 
dictate success during the SPR process, column strength and flaring capability. The column strength is required to 
allow the rivet to pierce the top sheets of the joint stack, while the flaring capability allows the formation of the 
interlock that provides joint integrity. At least 3 rivets of each microstructure under investigation were flared until 
failure and representative curves are presented in Chapter 4. 
 The first iteration of the rivet flaring process consisted of a standard compression arrangement using an 
Instrumet screw driven load frame and a 90,000 N (20 kip) load cell. Two platens were mounted onto the crosshead 
and load cell along with a leveling device to attempt to provide alignment. Small pieces of tool steel were affixed to 
the top platen and the leveling device to prevent damage to the platens during the compression process. The rivet 
head was centered on the bottom portion of the setup with the leveling device and a 4.7625 mm (0.1875 in) E52100 
ball bearing was placed into the rivet bore to impose flaring. A thin layer of Molykote assembly paste was applied at 
the bearing/rivet interface prior to the flaring process. To assess the degree of flaring during the test, a MTS 
diametral extensometer was positioned to monitor the outer circumference of the rivet as the test proceeded. A 
crosshead speed of 0.40 mm/min (0.016 in/min) was chosen based upon the ASTM standard for compression testing 
of metallic materials to achieve a strain rate of approximately 0.005 min
-1
 based on the average height of the two 
rivet geometries [53]. The test was initiated and stopped when a load drop of 2 pct occurred, indicating the 
formation of fractures within the rivet. A photograph of the testing setup is provided in Figure 3.3a. 
 In an attempt to better replicate the rivet flaring that occurs during the actual SPR process, the mechanical 
flaring apparatus was modified to include a 12.0 mm (0.47 in) long by 7 mm (0.28 in) diameter 120° conical die 
manufactured from O1 tool steel that was heat-treated to a hardness of 60 HRC. The conical die was chosen to 
provide a consistent flare as the rivet is compressed compared to the ball-bearing where the flaring angle decreased 
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as the rivet contact moved from the apex of the bearing to the centerline. Testing was performed on an Instron screw 
driven load frame using a 90,000 N (20 kip) load cell that was located at the Ford Research and Innovation Center. 
The setup was further modified in an attempt to improve alignment by using a modified IITRI (Illinois Institute of 
Technology Research Institute) fixture [54]. The IITRI fixture was developed for compression testing of composite 
materials which require plane parallel compression; alignment is provided by vertical rods placed at the four corners 
of the bottom portion of the fixture while the top portion has four holes where linear bearings are placed to allow the 
fixture to freely move vertically while the two portions maintain plane parallel alignment. The conical die was 
centered on the bottom portion of the IITRI fixture and the rivet was placed on top; the interface was lubricated with 
Molykote assembly paste as in the first iteration of the testing method. A threaded rod was fixed to the top portion of 
the IITRI fixture onto which a small piece of tool steel was affixed to prevent damage. The test was performed at the 
same crosshead speed as the previous testing method, 0.40 mm/min (0.016 in/min), until a load drop of 2 pct was 
reached. The MTS diametral extensometer could not be used in this testing method due to the inability to accurately 
record rivet strain during the flaring process as the conical die impacted the extensometer causing unstable 
measurements during flaring. As a result, load and crosshead displacement were used for analysis as opposed to load 
and diametral strain. Photographs of the modified mechanical flaring apparatus are shown in Figures 3.3b and 3.3c. 
 As the experimental heat-treatments progressed with 10B37 and the alternative alloys under investigation, a 
larger diameter die was required to facilitate the high degree of flaring that was able to be achieved. The integration 
of the larger conical die led to the final iteration of the mechanical flaring procedure, shown in Figure 3.3d. Testing 
was once again performed on an Instrumet screw driven load frame using a 90,000 N (20 kip) load cell. A mounting 
bracket was affixed to the top crosshead and a threaded rod with a 7.81 mm (0.3075 in) diameter recess machined 
into one end of the rod was threaded through. The rod was hardened by austenitizing at 1000° C and quenching into 
oil before tempering at 200° C for 30 minutes. The head of the rivet fits tightly into the recess in the threaded rod to 
provide alignment during the testing procedure. To accommodate a higher degree of flaring, a second 120° die was 
manufactured with a 12.7 mm (0.50 in) diameter and height of 6.35 mm (0.25 in). D2 tool steel was chosen for the 
updated die due to wear occurring on the O1 die used in the previous iteration of the flaring apparatus. The rivet was 
placed upon the die, again using Molykote to lubricate the interface, and the die/rivet assembly was moved such that 
the rivet head slotted into the recessed rod in the crosshead. A preload of 445 N (100 lbs) was applied three times in 
succession to allow the die to center along the bottom platen prior to beginning the test. The test was performed at a 
crosshead speed of 0.40 mm/min (0.016 in/min) until a load drop of 2 pct was detected. In addition to the conical 
die, two E52100 ball bearings of differing diameters, 4.763 mm (0.1875 in) and 12.7 mm (0.50 in), were utilized to 
provide alternative strain paths to assess any impact on the flaring performance provided by the experimental heat-
treatments. The updated flaring apparatus with the ball bearings is shown in Figures 3.3e and 3.3f. 
 In addition to flaring rivets until failure, quench and temper rivets with no decarburization were utilized for 
interrupted tests to determine the initiation points of the fractures. Twenty rivets were flared until failure with both 
geometries under investigation using the same methods previously described. The average maximum load for each 
set of rivets was determined. A load limit was applied to abort the test at 95 pct of the maximum load, and five rivets 
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were flared to the load limit and then removed from the apparatus. Examination of the rivets was performed using 
scanning electron microscopy (SEM) to determine the location of the fracture initiation points.  
 
   
(a) (b) (c) 
   
(d) (e) (f) 
Figure 3.3 The various iterations of the mechanical flaring apparatus that have been utilized to assess rivet 
flaring performance. (a) Flaring with ball bearing and extensometer. (b) Flaring using modified 
IITRI apparatus, circled region expanded in (c). (d) Final apparatus using conical die, ball bearing 
iterations shown in (e) and (f). 
 
3.5 Digital Image Correlation 
 Three dimensional digital image correlation (DIC) studies were performed during rivet flaring for each 
geometry under investigation in both the fully martensitic condition, tempered at 200 °C for 30 minutes, and the 
intentionally decarburized for 20 minute (PHS/Al6111) and 60 minute (commonization) conditions to assess the 
impact of processing and surface microstructure on strain development during flaring. A speckle pattern was applied 
to the rivet through lightly spraying white Rust-Oleum protective enamel spray paint onto the surface from 
approximately 300 mm (12 in) away from the rivet. Dual Baumer TGX50i cameras with 20 mm lens extensions and 
Xenoplan 2.8/50 lenses equipped with polarizing filters were used in a stereoscopic arrangement for the analysis. 
Two external lights were positioned to illuminate the specimen from each camera angle, and the polarizers were 
positioned to reduce any glare on the surface of the rivet. The cameras and lights were mounted on a rail such that 
the proper intra-ocular distance of 50.8 mm (2.0 in) and angle (26°) could be defined. A photograph of the camera 
assembly is shown in Figure 3.4a. The camera assembly was then positioned 205 mm (8.07 in) in front of the rivet. 
The speckled rivets were compressed until failure using the mechanical flaring apparatus and the test parameters 
previously described while 20 photographs per second were taken and used for analysis. ARAMIS software package 
was used to analyze the images and speckle pattern to determine both the axial and hoop strain evolution at the rivet 
tail as the rivet was flared. An area of analysis was defined approximately 1.0 mm (0.0393 in) from the tail of the 
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rivet to most accurately determine the strain evolution to be compared to finite element simulations. The tests were 
performed using a 15x13 mm (0.60x0.51 in) area with 800-1000 total facets per rivet, an example of which is shown 
in Figure 3.4b. The facets are discrete areas within which the deformation is tracked based upon the distortion of the 
speckle pattern during deformation of the rivet. The number of facets is related to the resolution of the strain 
measurements; dividing the measurement area by the number of facets provided a facet size of 0.042-0.052 mm
2
. A 
single 10B37 rivet of each heat-treatment was tested using DIC. Initial calibration of the facet size was performed 





Figure 3.4 Photographs of the digital image correlation setup. (a) Dual Baumer TGX50i cameras and lights 
affixed to mounting rail, (b) rivet and conical die with speckle pattern, measurement area, and 
facets applied to surface of specimen. 
 
3.6 Hardness Testing 
 Hardness testing was performed on rivets of all microstructures and alloys under investigation with the 
most attention paid to rivets that had been intentionally decarburized. All hardness testing was performed on rivet 
samples that were mounted in Bakelite or LECO thermally activated epoxy powder and polished to 1 µm using 
standard metallographic procedures in accordance with ASTM E384 [55]. Testing was performed using a LECO 
MHT Series 200 manual Vickers hardness tester, a LECO AMH 43 automatic Vickers hardness tester, or a LECO 
AMH 55 automatic Vickers. Cornerstone software package was utilized for analysis with the automated hardness 
testers. Bulk hardness tests were performed on either the head of a vertically mounted rivet or the web of a cross-
sectioned rivet using 9 point grids and 500-gram loads with a 10 second dwell time. An average of the 9 points was 
used for reporting. Decarburized rivets were analyzed using 50-point grids (5 points by 10 points) at the tail of the 
rivet cross-section. Spacing was defined based on the minimum hardness at the surface from preliminary single 
indents that were placed the standard 2.5 diagonal indent distance from the surface of the rivet. The grids were 
positioned at the outer diameter of the tail of the rivet just above the chamfer with the 10-point portion of the grid 
penetrating into the bulk of the rivet shank. A 50-gram load and 10-second dwell time were used for the 50-point 
grids to provide a higher resolution of the hardness decay derived from the decarburization process. A schematic of 
the indent locations for bulk hardness in the rivet is shown in Figure 3.5a, and a schematic of the indent locations 





Figure 3.5 Schematic locations of Vickers hardness indents across the rivet for (a) bulk hardness and 
(b) hardness variation from the surface to the bulk. Indents are not to scale.  
 
3.7 Tensile Testing 
 Tensile testing of 10B37 wire was carried out using a MTS screw driven load frame equipped with a 
90,000 N (20 kip) load cell and manually actuated vee-grip jaw faces. Wire was straightened prior to tensile testing 
by first passing it through a roller type wire straightener then pulling 25.4 cm (10 in) sections in tension to a 
displacement of 10.00 mm (0.397 in) to attain straight wire samples. Portions of the wire that were in the tensile 
grips were then removed, and the samples were bisected to yield two tensile specimens and heat-treated to achieve 
the various microstructures under investigation. Testing was carried out according to ASTM E8 standards for full 
thickness round specimens [56]. As per the standard, a small portion of material, prescribed to be more than 
0.25 mm (0.010 in) in length, was removed from a 50.8 mm (2 in) gage section to encourage failure within the 
extensometer. The reduction was produced by mounting the tensile specimen into a drill press with the free end 
braced such that pressure can be applied to the specimen without causing any bending. The sample was rotated and 
ground using grinding paper with the continuous application of water. Grinding was performed in two steps; the first 
being in the spheroidized condition prior to hardening with coarse grinding paper (240-600 grit) and the second 
being after heat-treatment with fine grinding paper (800-1200 grit). The two-step arrangement was chosen to 
provide the fastest material removal while also providing an adequate surface finish for testing.  A variation of no 
more than 1 pct of the diameter is permitted along the gage section prior to testing and was verified through 5 
diameter measurements with a micrometer. Samples that did not meet the criterion were not tested. Tests were 




. A 25.4 mm (1 in) 
Shepic extensometer was utilized for all tensile tests and only samples that broke within the gage were selected for 
analysis. At least 3 samples of each heat-treatment were tested and representative curves were chosen for analysis. 
 
3.8 Compression Testing and Friction Determination 
 Compression testing was performed to provide accurate material properties to be integrated into finite 





























































tests were performed on as-received spheroidized 10B37 wire samples as well as 10B37 wire samples that had been 
hardened through the previously described heat-treatment process and tempered at 200 °C for 30 minutes. Testing 
was performed on 5.5mm (0.216 in) cylindrical samples of varying heights ranging from approximately 2.54 mm 
(0.10 in) to 7.62 mm (0.30 in); 4-5 different heights were utilized for each test with two cylinders tested at each 
height level to produce variation of the diameter/height ratio to allow the extrapolation to a zero diameter condition 
to remove any effects of friction. The ends of the cylinders were ground plane parallel up to a 9 µm surface finish 
using silicon carbide grinding paper and a grinding fixture developed to produce TEM foils. D2 tool steel platens 
with a diameter of 12.7 mm (0.50 in) were ground with the same method and placed on the top and bottom 
compression platen to prevent damage to the fixture. Testing of the 10B37 quench and temper samples was 
performed utilizing a 445,000 N (100 kip) MTS hydraulic load frame at a crosshead speed of 0.40 mm/min 
(0.016 in/min) up to a load of approximately 178,000 N (40 kip); higher loads resulted in fracture of the D2 tool 
steel platens. Testing of the as-received spheroidized samples was performed on an Instrumet screw driven load 
frame with a 90,000 N (20 kip) load cell with the same D2 tool steel platens to prevent damage to the compression 
platens. Testing was performed with the same crosshead speed of 0.40 mm/min (0.016 in/min) until a load of 
80,000 N (18 kips) was delivered to the sample. A light coating of Molykote assembly paste was applied to each 
platen face for all compression trials to replicate the interface friction occurring during the rivet flaring experiments. 
Compression testing data for each material condition were converted to true stress/true strain and representative 
curves were used to develop the finite element simulations described in later sections of this chapter.  
 Compression testing was also performed to determine the coefficient of friction between the tool steel 
platens and the 10B37 material with Molykote assembly paste by compressing rings to varying degrees and 
measuring the final height, inner diameter, and outer diameter of the ring. Rings were prepared using a 6:3:1 ratio of 
outer diameter, inner diameter and height. Rings were produced from cylinders of straightened 5.5mm (0.216 in) 
diameter 10B37 wire and drilling a 2.7 mm (0.107 in) hole through the center. Only drill bits of 2.8 mm (0.110 in) 
and 2.7 mm (0.106 in) diameter were available, so the 2.7 mm (0.106 in) was chosen and de-burring was performed 
to achieve the 2.75 mm hole diameter. The cylinders were then sectioned using a low-speed diamond saw and 
ground to the prescribed height of 0.92 mm (0.361 in) to achieve the 6:3:1 ratio to be used to determine the friction 
coefficient. The rings were compressed using the same Instrumet screw driven load frame and procedure that was 
used in the previously described compression testing procedure. Molykote was applied to the D2 tool steel platens 
and three rings were subjected to loads of 44,500 N (10 kip), 66,720 N (15 kip) and 80,000 N (18 kip) to yield rings 
of varying inner diameter, outer diameter and height ratios. Measurements of the final ring height and outer diameter 
were taken with a micrometer, and the inner diameter was measured by taking photos of the rings using a 
stereoscope with a scale slide and were analyzed using ImageJ by taking the average of five inner diameter 
measurements. The final height, outer diameter and inner diameter were then input into the “Ring Test with Bulge” 
program developed by Dr. Van Tyne and Finkl Steel and plotted against curves developed by Avitzur [57] to 
determine the interface friction factor between 10B37 and D2 tool steel using Molykote assembly paste. The 
cylinder compression is plotted as decrease of ID as a function of the reduction in height of the cylinders along with 




Figure 3.6 Friction coefficient data from the compression of hardened 10B37 rings against D2 tool steel using 
Molykote assembly paste as lubricant. The data points shown are derived from compression of 
cylinders to varying final heights, and a friction coefficient of 0.15 is the best fit to the data. 
 
3.9 Finite Element Modeling 
 To accurately determine the strains evolved during the rivet flaring process and determine the ability of any 
failure criterion to accurately predict failures, a finite element simulation was created of the rivet flaring process 
using both geometries of rivet and the three different die shapes that were utilized in the flaring experiments.  
The simulations were created using Abaqus 6.14 CAE. Axisymmetric models of each rivet geometry under 
investigation were produced from measurements taken from mounted cross-sections. The rivets were treated as 
deformable parts with the elastic material properties manually defined by true stress/true strain data gathered during 
tensile testing and plastic material properties defined by true stress/true strain data gathered during compression 
testing of wire samples. The elastic portion of the compression data was subtracted from the curve before being 
manually input into the simulation software. Analytically rigid axisymmetric models of the 120° conical die as well 
as the 4.763 mm (0.1875 in) and 12.7 mm (0.50 in) ball bearings were created within Abaqus to replicate the 
mechanical flaring tests. The assemblies for each rivet and die combination under investigation are shown in Figures 
3.7a-d.  
The surface of the rivets was seeded with 2D linear triangular mesh seeds (CAX3) and allowed to populate 
the bulk of the rivet. The rivet geometry used in the commonization case study contained 2632 elements, while the 
rivet geometry used to join PHS contained 3053 elements. Boundary conditions were imposed where the head of the 
rivet was held at a constant location in three dimensions while also eliminating any twisting (encastre) while the die 
was allowed to translate up into the rivet a distance of 4.00 mm (0.157 in), based on the maximum displacement 
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Rivet models were also created which included the decarburized surface layer. The material properties for 
the surface were defined through a similar procedure of manual input based on true stress/true strain data gathered 
from spheroidized 10B37 wire samples in tension and compression. These material properties were imposed on a 
surface layer that was 0.03 mm (0.012 in) for the rivet used in both the commonization study and the press-hardened 
steel study. The standard rivet model was reduced in thickness slightly such that the addition of the decarburized 
layer returned the rivet to the previously defined dimensions. The surface of the decarburized layer was also 
populated with 2D triangular mesh seeds and allowed to mesh automatically. The rivet geometry used in the 
commonization study contained 2498 elements in the bulk and 443 elements to model the decarburized surface. The 
rivet used to join PHS contained 2963 elements in the bulk with 374 elements in the decarburized surface layer. The 
decarburized surface of the rivet was tied to the bulk by using a cohesive surface constraint where no delamination 
was allowed to activate, providing a secure attachment during the entirety of the flaring process. No variation in 
properties was input between the bulk of the rivet in the surface, leading to a discrete barrier between the two layers. 
A friction coefficient was defined as 0.15 based on the compressed ring experiments to accurately model 
the effect of the Molykote assembly paste applied during the mechanical flaring experiments. Simulations were run 
until completion and utilized a remeshing rule based on effective strain to allow the simulations to proceed to the 
high strains required for the decarburized rivets. 
The axial and hoop strains at the surface of the rivet were gathered from the simulation output and 
compared to results from DIC experiments. The effective strain and maximum principal stress were also determined 
from the simulation output and utilized to calculate Cockroft and Latham failure criterion values for prediction of 
rivet flaring failures using quench and tempered rivets with no decarburization. 
 
   
 
(a) (b) (c) (d) 
Figure 3.7 Finite element models for each flaring study under investigation. (a) 1.25 mm (0.049 in) shank 
thickness rivet and 120° conical die, (b) 1 mm (0.039 inch) shank thickness rivet with 120° conical 
die, (c) 1 mm (0.039 inch) shank thickness rivet with 12.7 mm (0.5 in) diameter ball bearing, 
(d) 1 mm (0.039 inch) shank thickness rivet with 4.763 mm (0.1875 in) ball bearing. 
 
The appropriate mesh size was determined through a convergence study conducted on the commonization 
rivet geometry. The rivet was meshed with varying seed separation values ranging from 0.9 mm (0.035 in) to 
0.025 mm (0.001 in), and the simulations were run to a die displacement of 4.0 mm (0.15 in). The axial (εy) and 
hoop (εz) strains were extracted from the simulations using the first element before the curve of the rivet tail on the 
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outside of the rivet shank to compare the impact of mesh size on strain evolution. Figure 3.8 shows the axial 
strain (εy) as a function of hoop strain (εz) during the flaring process for mesh seed distances from 0.9 mm (0.035 in) 
to 0.025 mm (0.001 in. Convergence is achieved as the mesh seed distance reaches 0.15 mm (0.006 in) and thus, a 
mesh seed distance of 0.1 mm (0.004 in) was chosen to provide accurate strain data while reducing the simulation 
time as much as possible.  
 
 
Figure 3.8 Axial strain (εy) as a function of hoop strain (εz) for mesh seed distances ranging from 0.9 mm 
(0.035 in) to 0.025 mm (0.001 in). The simulation shows convergence after 0.15 mm (0.006 in) as 
the curves show similar strain evolutions regardless of mesh size.  
 
3.10 Failure Criterion Application 
 A failure criterion was evaluated for tensile testing experiments performed on 10B37 wire that had been 
hardened and tempered at 200° C for 30 minutes. The Cockroft and Latham failure criterion was evaluated based on 
the integral of the maximum principal stress as a function of effective strain during the plastic deformation regime of 
the tensile testing curve up to the point of failure. True stress/true strain curves were produced from 
load/displacement data up to the UTS of the test specimen. Based upon uniaxial nature of testing and the Von Mises 
stress and strain equations, the maximum principal stress is the applied true stress while the effective strain is the 
true strain. The maximum principal stress and effective strain at failure were calculated based on the equations 
presented by Bridgman [58]. The equation for maximum principal stress is presented in Equation 3.1 where σ1 is the 
maximum principal stress and a is the cross sectional area of the necked region after fracture. The effective strain 
was calculated using Equation 3.2 where �! is the effective strain at fracture, �! is the starting radius of the sample 
and � is the final radius of the fractured sample in the necked region. The maximum principal stress as a function of 
effective strain curve was then extrapolated to the calculated values at failure using a French curve to match the 



































calculated from Bridgman’s equations. The curve was then digitized and the elastic strains were removed to isolate 
the plastic deformation during the test to the point of fracture. The region was fit using a power law fit based on the 
Holloman equation and the curve was integrated from 0 to the effective strain at failure to yield the Cockroft and 
Latham value, C. 
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     Equation 3.2 
 The evaluation of the Cockroft and Latham failure criterion for the rivet flaring process was performed 
using the output values from the Abaqus simulations. The maximum principal stress and effective strain were 
extracted from the output of the simulation file up the point of failure as dictated by the axial and hoop strains 
defined through DIC experimentation or through crosshead displacement based upon the flaring tests performed 
through alternative strain paths. The maximum principal stress and effective strain were plotted and a Reimann sum 
calculation was performed to integrate the functions and yield the Cockroft and Latham values for a series of 
elements at the tail of the rivet where fractures were observed to occur during flaring experiments. 
For rivets that had not been decarburized the elements at the surface of the rivet tail from the interior shank 
surface to the outer shank surface were selected. The number of elements differed by rivet geometry, resulting in 25 
to 30 elements being selected for each analysis. The Reimann sums were calculated and ranked in descending order 
then matched to the corresponding elements within the model. The areas around the rivet tail where the highest 
values occurred were determined to be the locations where failure would most likely occur. The failure locations 
were compared to those determined through SEM analysis of interrupted flaring tests to 95 pct maximum load to 
compare the initiation sites of the fractures to those predicted by the simulations and the application of the Cockroft 
and Latham criterion. The resultant values were also compared to those calculated based upon tensile testing to 
assess the validity of the failure criterion to predict the strain at failure. 
Rivets that were decarburized were analyzed in a slightly different manner. The entirety of the rivet shank 
near the tail was selected and the maximum principal stress and effective strain were extracted for each element. 
Between 250 and 300 elements were selected for the analysis. The Reimann sums were calculated in the same 
manner to those for the non-decarburized rivets. The Reimann sums were then ranked in descending order and the 
top 30 elements were used to define an area where fracture was most likely to occur. The defined area consisted of 
approximately 60 elements from which all of the Cockroft and Latham values were extracted. The negative values 
were removed and an average was taken to yield the values that were compared to those generated from the 
integration of the tensile curves. 
A similar analysis was performed with simplified failure criteria; maximum principal stress and maximum 
principal strain to compare to the experimentally obtained results as well as the location and failure energy 




This chapter presents the results gained through the experimental procedures and simulations described in 
Chapter Three. Initial joining attempts were performed to replicate currently available commercial technology to 
identify the failures that occur during riveting in demanding joining scenarios for automotive use. The development 
of the flaring procedure is presented and has been utilized to compare alternative alloys and heat-treatments using 
prototype rivets. Digital image correlation results are shown and compared with results from finite element 
simulations created using Abaqus to determine the stress and strain evolution of the rivets during flaring and the 
accuracy of the simulations. Finally, results are presented from applying the Cockroft and Latham failure criterion to 
predict rivet fractures that occur during flaring using multiple rivet geometries, heat-treatments and strain paths. 
 
4.1 Commercial Riveting Failures During Joining 
Riveting was performed for each of the two case studies under investigation to determine the types of 
failures that occur within the rivet once the joining parameters have been optimized to avoid sheet metal failures. 
The results of the joining attempts are presented in Section 4.1.1 and 4.1.2 for the press-hardened steel to Al6111 
case study and commonization case study, respectively. In addition, Section 4.1.3 shows electron micrographs of 
fractured rivets to determine the characteristics of the rivet failures that developed during joining attempts. 
 
4.1.1 Press Hardened Steel to Al6111 
Riveting was performed on the joint stack containing the PHS and Al6111 using 10B37 rivets that had been 
heat-treated through a quench and temper process to the minimum (535 HV) and maximum (585 HV) of the highest 
commercially available hardness level with a nominal hardness of 555 HV (H6). The minimum hardness rivets 
appear to buckle and compress significantly, while the maximum hardness rivets form fractures along the periphery 
of the rivet tail as the rivet flares into the bottom substrate. The joint cross-sections prepared from joining attempts 
are shown in Figure 4.1a and 4.1b along with a bottom view photograph of fractures that developed during joining 
with the maximum hardness rivet in 4.1c. 
 
4.1.2 Commonization 
 Riveting was also performed on the 2T joint stack used for the commonization study using two rivets: the 
standard rivet used during current production as well as a rivet that was 1 mm (0.039 in) longer in length and had a 
thicker web. Cross-sections from the joining trials are shown in Figure 4.2a for the rivet currently in use and 4.2b for 
the longer rivet used to commonize the joint; a bottom view of an extracted commonization rivet is shown in 4.2c. 
Utilization of the longer rivet led to fractures developing at the tail of the rivet during joining attempts. The fractures 
are circled in Figures 4.2b and 4.2c. 
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(a) (b) (c) 
Figure 4.1 Failures that developed during joining attempts of PHS and Al6111 using rivets that were heat-
treated to the minimum (a) and maximum (b) of the H6 hardness level. Buckling of the rivet shank 
is marked with an arrow in (a) while fractures developed in the circled region in (b). Bottom view 
photograph of a fractured maximum hardness rivet is shown in (c). 
 
   
(a) (b) (c) 
Figure 4.2 Failure that developed during commonization attempts; (a) cross section of initial joint using the 
standard rivet, (b) joining attempt using the longer commonization rivet with fractures circled, 
(c) bottom view of an extracted commonization rivet with tail crack circled. 
 
4.1.3 Rivet Joining Failures 
Electron microscopy was performed on fractured rivets to determine the fracture characteristics. Electron 
micrographs of rivet fractures along the outer circumference of the rivet tail that occurred during joining of PHS and 
Al6111 are shown in Figure 4.3a and 4.3b. The fracture features appear to show ductile void nucleation and 
coalescence, indicating that the ductility of the rivet has been exceeded during flaring of the rivet. Fractures were 
also observed on the rivet chamfer after rivets were extracted from the PHS and Al6111 joint. Surface fractures on 
the rivet chamfer are shown in Figure 4.4. The surface fractures indicate a high degree of strain at the surface of the 





Figure 4.3 Scanning electron micrographs of fractures that formed at the rivet tail during joining attempts of 
PHS and Al6111. (a) A large fracture at the tail of the rivet with the circled region. (b) Expanded 
view of the circled region in (a) showing ductile void nucleation on the interior of the fracture 
along with debris from the joining process. 
 
 
Figure 4.4 Scanning electron micrographs of fractures that formed on the surface of the rivet chamfer during 
joining attempts of PHS and Al6111. The photograph is taken facing the rivet bore with the 
fractures radiating from the interior to the exterior of the rivet shank. The location of the 
micrograph is indicated with an inset of the rivet tail cross-section. 
 
4.2 Experimental Heat-Treated Rivets 
The following sections characterize the rivets that were subjected to the experimental heat-treatments for 
evaluation through mechanical testing and riveting experiments. Section 4.2.1 details the as forged microstructures 
produced from spheroidized wire. Sections 4.2.2 through 4.2.4 detail the rivet characteristics after experimental 
heat-treatments that were devised in an effort to improve the mechanical properties of the rivet to allow successful 




4.2.1 Prototype Rivets: As Received 
Prototype rivets of 10B37, 4130, 4340 and 5160 were produced from wire that had been cold-drawn to the 
appropriate diameter and spheroidized to facilitate the cold-forging operation. Optical micrographs of the as 
received microstructures taken on the rivet web and shank are shown in Figure 4.5-4.8 for 10B37, 4130, 4340 and 
5160, respectively. There were slight variations between each alloy after the cold forging operation and were 
defined through measurements of rivet length and diameter along with Vickers hardness measurements taken on the 
rivet web of the as-received microstructures; the measurement results are shown in Table 4.1 along with the 
calculated standard deviations. All alloys had equiaxed ferrite grains in the bulk of the rivets with elongated grains 
in the rivet shank as a result of the extrusion process. The 10B37 had the lowest hardness values, while 5160 and 
4130 were approximately equal after forging with the 4340 having the highest hardness values in the as-forged 
condition. All rivet dimensions showed very slight variations aside from the 5160 rivets having a slightly shorter 
length than the other three alloys after cold forging. 
 










8.024 ± 0.0076 
(0.3160 ± 0.0003) 
5.288 ± 0.0025 
(0.2082 ± 0.0001) 
227.4 ± 13.7 
4340 
8.012 ± 0.0178 
(0.3157 ± 0.0007) 
5.293 ± 0.0101 
(0.2084 ± 0.0004) 
279.1 ± 7.7 
5160 
7.938 ± 0.0127 
(0.3125 ± 0.0005) 
5.288 ± 0.0025 
(0.2082 ± 0.0001) 
241.8 ± 13.2 
4130 
8.047 ± 0.0076 
(0.3168 ± 0.0003) 
5.28574 ± 0.0025 
(0.2081 ± 0.0001) 
252.2 ± 8.1 
 
 
    
(a) (b) 
Figure 4.5 Optical micrographs, 2 pct nital etch. Taken from 10B37 rivets at: (a) rivet web, (b) rivet tail, 
arrow indicates extrusion direction. The micrograph with respect to the rivet orientation is 





Figure 4.6 Optical micrographs, 2 pct nital etch. Taken from 4130 rivets at: (a) rivet web, (b) rivet tail, 
arrow indicates extrusion direction. The micrograph with respect to the rivet orientation is 




Figure 4.7 Optical micrographs, 2 pct nital etch. Taken from 4340 rivets at:  ((a) rivet web, (b) rivet tail, 
arrow indicates extrusion direction. The micrograph with respect to the rivet orientation is 




Figure 4.8 Optical micrographs, 2 pct nital etch. Taken from 5160 rivets at: (a) rivet web, (b) rivet tail, 
arrow indicates extrusion direction. The micrograph with respect to the rivet orientation is shown 




4.2.2 Prototype Rivet Heat-Treatment: Quench and Temper 
Prototype rivets of the four alloys under investigation were heat-treated through a quench and temper 
process to form a fully martensitic microstructure. Optical micrographs of each alloy in the as quenched condition 
are shown in Figures 4.9-4.12 for 10B37, 4130, 4340 and 5160, respectively. Vickers hardness values along with 
calculated standard deviations in the as quenched condition at various locations across the rivet cross-section are 
presented in Table 4.2, while Vickers hardness values taken on the rivet web and tail for each tempering condition 
are given in Table 4.3 along with the associated standard deviations. The 5160 rivets had the highest hardness values 
in the as-quenched condition while the 4130 rivets had the lowest hardness of just over the nominal hardness level of 
555 HV required for the joints under evaluation. After tempering, the 10B37 and 4340 rivets had hardness values in 
excess of 555 HV, while the 5160 rivets were tempered at higher temperatures to reduce the potential for brittle 
fracture as a result of quench embrittlement. The microstructures appear to be consistent, with all alloys achieving a 
fully martensitic phase transformation during quenching. However, the 5160 rivets showed evidence of banding 
throughout the microstructure that was not observed with any of the other alloys. 
 
 
Figure 4.9 Optical micrograph, 2 pct nital etch. Taken from as quenched10B37 rivets at the rivet web 
showing a fully martensitic microstructure. The micrograph with respect to the rivet orientation is 
shown in the upper left corner. 
 
 
Figure 4.10 Optical micrograph, 2 pct nital etch. Taken from as quenched 4130 rivets at the rivet web showing 
a fully martensitic microstructure. The micrograph with respect to the rivet orientation is shown in 




Figure 4.11 Optical micrograph, 2 pct nital etch. Taken from as quenched 4340 rivets at the rivet web 
showing a fully martensitic microstructure. The micrograph with respect to the rivet orientation 
is shown in the upper left corner. 
 
 
Figure 4.12 Optical micrograph, 2 pct nital etch. Taken from as quenched 5160 rivets at the rivet web 
showing a fully martensitic microstructure and evidence of banding. The micrograph with 
respect to the rivet orientation is shown in the upper left corner. 
 
Table 4.2 – Vickers Hardness Values at in As-Quenched Prototype Rivets 
 
 Rivet Web [HV] Tail Length [HV] 
10B37 630.5 ± 10.2 629.3 ± 10.9 
4340 676.9 ± 17.5 671.6 ± 13.8 
4130 554.6 ± 12.3 540.7 ± 14.1 





Table 4.3 – Vickers Hardness Values of Rivet Alloys after Tempering 
 
 200 °C 30 minutes 250 °C 30 minutes 300 °C 30 minutes 
10B37 591.4 ± 12.5 HV 532.9 ± 9.9 HV 489.4 ± 7.1 HV 
4340 608.0 ± 12.5 HV 562.8 ± 9.2 HV 533.2 ± 7.3 HV 
 100 °C 30 minutes 150 °C 30 minutes 200 °C 30 minutes 
4130 536.3 ± 10.5 HV 544.8 ± 6.3 HV 520.7 ± 6.3 HV 
 350 °C 30 minutes 400 °C 30 minutes 450 °C 30 minutes 
5160 548.0 ± 11.2 HV 494.6 ± 10.6 HV 450.2 ± 9.2 HV 
 
4.2.3 Prototype Rivet Heat-Treatment: Lower Bainite and Martensite 
 Prototype 4340 and 10B37 rivets were heat-treated using an austempering process to produce mixed 
microstructures of lower bainite and martensite in an effort to improve toughness. Optical micrographs of 4340 
rivets austempered at 320 °C for 2 minutes and 4 minutes are shown in Figure 4.13, while optical micrographs of 
10B37 rivets austempered at 350 °C for 3 seconds and 7 seconds are shown in Figure 4.14. Vickers hardness values 
and phase fractions for condition are shown in Table 4.4 along with standard deviations. Austempering treatments 
for 10B37 and 4340 achieved the target amount of 25 pct lower banite after 7 seconds and 2 minutes, respectively. 
The hardness values for the 4340 rivets were approximately equal to those achieved during conventional quench and 




Figure 4.13 Optical micrographs etched with 4 pct picral showing the microstructure in the 4340 steel 
austempered at 320 °C for (a) 2 minutes and (b) 4 minutes. Dark etching regions are bainite while 
the white matrix is martensite. Micrographs were taken from the rivet web in the orientation 







Figure 4.14 Optical micrographs etched with 4 pct picral showing the microstructure in the 10B37 steel 
austempered at 350 °C for (a) 3 seconds and (b) 7 seconds. Dark etching regions are bainite while 
the white matrix is martensite. Micrographs were taken from the rivet web in the orientation 
provided by the inset rivet cross-section. Surface of a wire specimen showing decarburization 
induced ferrite that had formed on the surface after the austempering treatment. 
 
Table 4.4 – Vickers Hardness Values and Lower Bainite Area Fraction of Austempered 10B37 and 4340 Rivets 
 
 Hardness Bainite vol. pct. 
10B37 - 350 °C 3 seconds 484.8 ± 20.1 HV 21.6 ± 1.3 
10B37 - 350 °C 7 seconds 434.1 ± 10.4 HV 26.4 ± 2.3 
4340 - 320 °C 2 minutes 615.9 ± 17.6 HV 18.3 ± 7.1 
4340 - 320 °C 4 minutes 564.7 ± 9.2 HV 23.9 ± 1.1 
 
4.2.4 Prototype Rivet Heat-Treatment: Decarburization 
Based on published simulations of the riveting process and the work of Roumina et al. on decarburized 
300M steel during bending [50], 10B37, 4340 and 5160 rivets were intentionally decarburized to improve the 
ductility at the surface. Optical micrographs of rivet cross-sections for 10B37 rivets that had been austenitized under 
argon atmosphere and intentionally decarburized using salt-pot furances are shown in Figures 4.15a-d for a non-
decarburized condition along with 20 minutes, 60 minutes and 90 minutes of decarburization, respectively. As the 
decarburization is performed, a uniform layer of ferrite develops along the surface of the rivet that increases with 
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decarburization time up to 60 minutes where additional decarburization time did not appear to provide an increased 






Figure 4.15 Optical micrographs etched with 2 pct nital of 10B37 rivets. (a) Rivet austenitized under argon 
atmosphere for 25 minutes at 900 °C. Decarburized rivets austenitized at 860 °C using molten salt 
for (b) 20 minutes, (c) 60 minutes and (d) 90 minutes. Ferrite is present at the surface for each 
decarburized rivet compared to a fully martensitic microstructure of the non-decarburized rivet. 
  
The decarburization process was also applied to 4340 and 5160 rivets using the same methods utilized in 
the heat-treatment of 10B37 rivets. Optical micrographs showing cross sections of 4340 rivets that had been 
decarburized for 90 and 240 minutes are shown in Figure 4.16a and 4.16b, while cross-sections of 5160 rivets that 
had been decarburized for 90 and 120 minutes are shown in Figure 4.17a and 4.17b. The decarburization of 4340 did 
not result in a consistent surface layer of ferrite as was observed in 10B37 and 5160. A consistent surface layer of 
ferrite could not be achieved in the 4340 rivets regardless of decarburization time with intergranular oxidation 
forming with rivets that had been decarburized for 90 minutes or more. The 5160 rivets decarburized in a similar 
manner as 10B37, resulting in a consistent surface layer of ferrite that increased with increasing decarburization 
time. Decarburization time for the 5160 rivets was two to three times as long as 10B37 to achieve the same ferrite 
surface layer thickness. 4340 and 5160 rivets that had been austenitized under argon atmosphere were fully 
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martensitic up to the surface and showed no appreciable decarburization or ferrite at the surface with microstructures 




Figure 4.16 Optical micrographs etched with 2 pct nital of 4340 rivets. Rivets were austenitized using 
molten salt for (a) 90 minutes and (b) 240 minutes. Intergranular oxidation is visible in the 




Figure 4.17 Optical micrographs etched with 2 pct nital of 5160 rivets. Rivets were austenitized using 
molten salt for (a) 90 minutes and (b) 120 minutes. A thin layer of ferrite can be seen in the 
60 minute sample with a higher surface layer thickness in the 120 minute sample.  
 
Vickers hardness testing was performed across the rivet shank from the surface to the bulk with 10B37, 
4340 and 5160 decarburized rivets in selected heat-treatment conditions. The results are shown in Figure 4.18. The 
three alloys under investigation all underwent a decrease in surface hardness of 200-250 HV as the decarburization 
process was applied while retaining consistent bulk hardness values. The approximate depth of decarburization was 
similar between each of the three alloys when using a 90 pct bulk hardness cutoff. Decarburization depths based 




Figure 4.18 Vickers hardness profiles from the surface of 10B37, 4340 and 5160 rivets in the standard quench 
and temper condition with no decarburization and after decarburization for 60, 90 and 120 
minutes, respectively. A decrease in hardness at the surface of approximately 250 HV can be seen 
for each alloy in the decarburized condition. 
 
4.3 Evaluation of 10B37 Wire and Rivets 
 Mechanical tests including uniaxial tension and flaring of rivets were performed on 10B37 wire and rivets 
that had been tempered to varying hardness levels. The results from tensile experiments are presented in Section 
4.3.1, while mechanical flaring experiments of 10B37 rivets with various microstructures are presented in Sections 
4.3.2 through 4.3.6. Section 4.3.7 shows the results obtained through digital image correlation (DIC) analysis of the 
rivet flaring process to determine surface strains. Joining results are presented in Sections 4.38 and 4.3.9 for each of 
the case studies under investigation. 
 
4.3.1 Tensile Testing of 10B37 Wire 
Tensile testing of 10B37 wire was carried out to identify the differences developed during different 
tempering conditions as well as the impact of integrating lower bainite within the martensitic microstructure. The 
results from tensile testing experiments are shown in Figure 4.19 for 10B37 in the quenched and tempered 
conditions as well as wire that had been austempered to include a portion of lower bainite. A summary of the tensile 
properties is provided in Table 4.5 along with standard deviations. All of the tempered conditions showed similar 
elongation values with reduced UTS and yield strength as the tempering temperature increased. The austempered 
conditions showed reduced elongation and strength as austempering time was increased and the area fraction of 
lower bainite increased with the 7 second sample showing significantly reduced UTS, yield strength, and elongation 
































3 seconds and tempered at 200 °C for 30 minutes showed a UTS and yield strength that was lower than that 
observed in 10B37 samples quenched and tempered at 200 °C for 30 minutes. The decrease in strength and ductility 
does not correspond to the conclusions drawn by Tomita in regards to austempering providing an increase in 
strength and toughness [42]. The reductions in strength and elongation are most likely caused by decarburization 
that had occurred during austenitization while submerged in molten salt, leading to a reduction in carbon near the 
surface of the test specimens. 
 











1210.03 ± 9.10 
(175.50 ± 1.32) 
1998.44 ± 117.83 
(289.85 ± 17.09) 
6.10 ± 4.41 
Q&T: 200 °C 30 min 
1513.95 ± 29.78 
(219.58 ± 4.31) 
1989.34 ± 11.58 
(288.53 ± 1.68) 
12.82 ± 0.16 
Q&T: 250 °C 30 min 
1455.62 ± 19.71 
(211.12 ± 2.86) 
1810.90 ± 11.03 
(262.65 ± 1.60) 
12.02 ± 0.25 
Q&T: 300 °C 30 min 
1441.76 ± 8.27 
(209.11 ± 1.20) 
1652.88 ± 3.10 
(239.73 ± 0.45) 
12.20 ± 0.36 
AT: 350 °C 3 sec  
+ 200 °C 30 min 
1444.25 (209.47) 1894.45 (274.77) 11.03 
AT: 350 °C 7 sec  
+ 200 °C 30 min 
1089.58 (158.03) 1522.02 (220.75) 7.79 
 
 
Figure 4.19 Uniaxial tensile curves for 10B37 wire in the quenched and tempered at 200, 250 and 350 °C and 
after austempering at 350 °C for 3 and 7 seconds followed by tempering at 200 °C for 30 minutes. 
Total elongation remains approximately constant for quenched and tempered samples with strength 
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4.3.2 10B37 Quench and Temper Rivet Flaring: Ball Bearing 
 The first iteration of the rivet flaring procedure utilized a 4.763 mm (0.1875 in) E52100 ball bearing to 
impose a flare on the rivet during compression. The test was monitored with load and diametral strain using an 
extensometer, and a photograph of the procedure is shown in Figure 3.3a. The results from flaring of the 10B37 
1.25 mm (0.049 in) shank thickness rivet during flaring are shown in Figure 4.20 for four hardness levels ranging 
from approximately 490 HV to 590 HV.  Figure 4.22 shows the flaring results using the 1.00 mm (0.039 in) shank 
thickness rivets heat-treated to the same range of hardness levels as those shown in Figure 4.20. The diametral strain 




Figure 4.20 Mechanical ball bearing flaring curves for 10B37 1.25 mm (0.049 in) shank thickness rivets heat-
treated to a range of hardness levels. Diametral strain to failure increases as hardness levels 
decrease. Maximum column strength decreases along with hardness.  
 
Photographs of the fractures that developed during flaring are shown in Figures 4.21a-d and 4.23a-d for the 
1.25 mm (0.049 in) shank thickness rivets used to join PHS and Al6111 and the 1.00 mm (0.039 in) shank thickness 
rivets used in the commonization study, respectively. A single large fracture was noted in the 1.25 mm (0.049 in) 
shank thickness rivets and the 1.00 mm (0.039 in) shank thickness rivets with hardness values in excess of 550 HV. 
1.00 mm (0.039 in) shank thickness rivets below 550 HV show multiple fractures occurring at the outer 






























300 °C 30 minutes 
250 °C 30 minutes 
200 °C 30 minutes As Quenched 
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(a) (b) (c) (d) 
Figure 4.21 Photos of failed 10B37 1.25 mm (0.049 in) shank thickness rivets after being flared using the 
4.763 mm (0.1875 in) ball bearing in compression: (a) As quenched-605 HV, (b) 200 °C 30 
minutes-590 HV, (c) 250 °C 30 minutes-550 HV, (d) 300 °C 30 minutes-500 HV. Large single 
fractures can be seen on all heat-treatments, differing from fractures noted during riveting trials. 
  
 
Figure 4.22 Mechanical ball bearing flaring curves for 10B37 1.00 mm (0.039 in) shank thickness rivets heat-
treated to a range of hardness levels. Diametral strain to failure increases as hardness levels 
decrease. Maximum column strength decreases along with hardness.  
 
       
(a) (b) (c) (d) 
Figure 4.23 Photos of failed 10B37 1.00 mm (0.039 in) shank thickness rivets after being flared using the 
4.763 mm (0.1875 in) ball bearing in compression: (a) As quenched-605 HV, (b) 200 °C 30 
minutes-590 HV, (c) 250 °C 30 minutes-550 HV, (d) 300 °C 30 minutes-500 HV. Large single 
fractures can be seen on the as quenched and 200 °C 30 minute rivets while the 250 °C 30 minute 
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4.3.3 10B37 Quench and Temper Rivet Flaring: 120° Conical Die 
Flaring using the 4.763 mm (0.1875 in) ball bearing did not replicate fractures that were noted during 
riveting trials. Conical die flaring results for 10B37 1.25 mm (0.049 in) shank thickness rivets and 1.00 mm 
(0.039 in) shank thickness rivets that were heat-treated to the same hardness range as was utilized in the previous 
flaring study are shown in Figures 4.24 and 4.25, respectively.  
Trends observed during flaring using the 120° conical die were similar to those during flaring using the 
0.763 mm (0.1875 in) ball bearing where crosshead displacement increases with increasing tempering temperature. 
The maximum force applied reached a peak after tempering at 250 °C for 30 minutes for the 1.25 mm (0.049 in) 
shank thickness rivets and 250 °C for 30 minutes for the 1.00 mm (0.039 in) shank thickness rivets.  
 
 
Figure 4.24 Mechanical conical die flaring curves for 10B37 1.25 mm (0.049 in) shank thickness rivets heat-
treated to a range of hardness levels. Crosshead displacement to fracture increases as hardness 
decreases.  
 
       
(a) (b) (c) (d) 
Figure 4.26 Bottom views of failed 1.25 mm (0.049 in) shank thickness during conical die flaring. (a,) As 
quenched - 605 HV, (b) tempered at 200 °C for 30 minutes - 590 HV, (c) tempered at 250 °C for 
30 minutes - 550 HV, (d) tempered at 300 °C for 30 minutes - 500 HV. Multiple fractures can be 
seen around the circumference of the rivet tail in each case. 
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Figure 4.25 Mechanical conical die flaring curves for 10B37 1.00 mm (0.039 in) shank thickness rivets 
tempered at 200 °C, 250 °C and 300 °C for 30 minutes. 
 
 Rivet fractures observed from the use of the 120° conical die were more consistent with those observed 
during riveting trials with each case study, where multiple fractures formed around the periphery of the rivet tail. 
Bottom views of fractured rivets are shown in Figures 4.26a-d and 4.27a-d for the 1.25 mm (0.049 in) shank 
thickness rivets used to join PHS and Al6111 and the 1.00 mm (0.039 in) shank thickness rivets used in the 
commonization study, respectively. The rivet failures when using the 120° conical die were similar to those that 
developed during flaring trials with multiple fractures developing around the tail of the rivet at the point of highest 
strain. 
 
   
(a) (b) (c) 
Figure 4.27 Bottom views of fractured 10B37 rivets after being flared: (a) 200 °C 30 minutes, (b) 250 °C 30 
minutes, (c) 300 °C 30 minutes. Fractures can be noted on the outer circumference of the rivet tail. 
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4.3.4 10B37 Mixed Microstructure Rivet Flaring: 120° Conical Die 
 Rivets with a mixed microstructure of lower bainite and martensite were investigated through flaring using 
the 120° conical die to determine if an alternative microstructure with higher toughness could provide any 
improvements. 10B37 rivets were austempered at 350 °C for 3 seconds and 7 seconds to give varying amounts of 
lower bainite within the martensite. The flaring curves for the 10B37 1.25 mm (0.049 in) and 1.00 mm (0.039 in) 
shank thickness rivets comparing rivets that had been quenched and tempered to rivets that had been austempered at 
350 °C are shown in Figure 4.28 and 4.29, respectively. The austempered 10B37 rivets outperformed every 
tempering condition for conventionally processed rivets in terms of crosshead displacement. The high degree of 
ductility observed in the 10B37 austempered rivets caused the rivets to flare to the point where the tail of the rivet 
surpassed the maximum circumference of the forming die. The tests were aborted after the rivets flared beyond the 
outer circumference of the die, resulting in asymmetric flaring.  
Since the austempered 10B37 rivets did not fail during flaring, even larger increases in performance should 
be possible if a larger die was employed. As a result, a die with a larger diameter to accommodate the large degree 
of hoop strain during the flaring test was manufactured to allow an evaluation of the crosshead displacement to 
failure of additional heat-treatments. 
 
 
Figure 4.28 Mechanical conical die flaring curves for 10B37 1.25 mm (0.049 in) shank thickness rivets 
tempered at 200, 250, and 300 °C for 30 minutes and rivets that had been austempered at 350 °C 
for 3 seconds plus tempering at 250 °C for 30 minutes. The austempered rivets did not fracture and 
flared beyond the maximum circumference of the die, causing the test to be aborted 
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Figure 4.29 Mechanical conical die flaring curves for 10B37 1.00 mm (0.039 in) shank thickness rivets 
tempered at 200, 250, and 300 °C for 30 minutes and rivets that had been austempered at 350 °C 
for 3 seconds plus tempering at 250 °C for 30 minutes. The austempered rivets did not fracture and 
flared beyond the maximum circumference of the die, causing the test to be aborted. 
 
4.3.5 10B37 Decarburized Rivet Flaring: 120° Conical Die 
 10B37 rivets were intentionally decarburized for varying time periods during austenitization prior to being 
quenched and tempered at 200 °C for 30 minutes based upon the highest degree of UTS and total elongation defined 
during tensile testing of 10B37 wire. The intentionally decarburized rivets were flared using a 12.7 mm (0.5 in) 
diameter die. The results from flaring experiments using intentionally decarburized 10B37 1.25 mm (0.049 in) and 
1.00 mm (0.039 in) shank thickness rivets are shown in Figures 4.30 and 4.31 respectively. Significant 
improvements in maximum load and crosshead displacement to failure can be seen in each rivet geometry under 
investigation as the decarburization process was performed. The initial phases of the flaring curves indicate a slight 
decrease in column strength as decarburization time is increased beyond 20 minutes. The decreased column strength 
manifests in the slope of the curves being reduced due to increased compliance within the rivet when compared to 
rivets that had been quenched and tempered at 200 °C for 30 minutes with no decarburization.  
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Figure 4.30 Mechanical conical die flaring curves for 10B37 1.25 mm (0.049 in) shank thickness rivets 
tempered at 200 °C for 30 minutes and rivets that had been intentionally decarburized for 20 and 
60 minutes prior to tempering at 200 °C for 30 minutes. Significant gains in crosshead 




Figure 4.31 Mechanical conical die flaring curves for 10B37 1.00 mm (0.039 in) shank thickness rivets 
tempered at 200 °C for 30 minutes and rivets that had been intentionally decarburized for 20, 60 
and 90 minutes prior to tempering at 200 °C for 30 minutes. Significant gains in crosshead 
displacement to failure can be seen up to 60 minutes of decarburization. 
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 Bottom view photographs of 10B37 1.25 mm (0.049 in) and 1.00 mm (0.039 in) fractured rivets are shown 
in Figures 4.32 and 4.33. A large improvement in flaring performance is gained through the integration of a 
decarburized surface layer based on the high degree of hoop strain that could be accommodated by each of the rivet 
geometries after decarburization. The fractures that developed in non-decarburized rivets were distributed around 
the outer circumference of the rivet tail, while the decarburized rivets shown in Figures 4.32b and 4.33b showed a 
single fracture propagating up the shank of the rivet. Strain localization around the rivet tail was also noted in the 




Figure 4.32 Images of 10B37 1.25 mm (0.049 in) wall thickness rivets flared to failure using a 120° conical 
die. (a) Non-decarburized rivet showing multiple fractures and small degree of flaring. (b) Rivet 
decarburized for 60 minutes showing a single large fracture with significant increase in the degree 
of flaring.  
 
  
(a)  (b) 
Figure 4.33 Photographs of 10B37 1 mm (0.039 inch) shank thickness rivets flared to failure using a 120° 
conical die. (a) No decarburization showing multiple fractures and low degree of hoop strain (b) 
decarburized for 60 minutes showing a single fracture, multiple necks around the circumference 
and a significant improvement in hoop strain to failure; non-uniform deformation indicated with 
an arrow. 
 
4.3.6 10B37 Decarburized Rivet Flaring: Alternative Strain Paths 
10B37 1 mm (0.039 inch) shank thickness quenched and tempered rivets with no decarburization and those 
that had been intentionally decarburized were also flared using a 4.763 mm (0.1875 in) ball bearing and 12.7 mm 
5 mm 5 mm 
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(0.50 in) ball bearing to determine the influence of alternative strain paths on the decarburized rivets. Figure 4.34 
shows mechanical flaring curves for 10B37 1 mm (0.039 inch) shank thickness rivets flared by the 4.763 mm 
(0.1875 in) ball bearing, while Figure 4.35 shows mechanical flaring curves for 10B37 1 mm (0.039 inch) shank 
thickness rivets flared by the 12.7 mm (0.50 in) ball bearing. The trends noted in the flaring using the 120° conical 
die carried through to the alternative strain paths provided by the differently sized ball bearings.  
The 4.763 mm (0.1875 in) diameter ball bearing provided a strong indication of column strength as the 
decarburized rivets showed a reduced slope during the first phase of flaring and reduced load after the initial linear 
region of the flaring curve. The bearing was able to fully penetrate the bore of the rivets that had been decarburized 
for 60 minutes. Full bore penetration resulted in a load jump once the platen compressing the ball bearing interacted 
with the rivet. The load jump is marked by an arrow on the flaring curve. No fractures were noted during flaring of 
the decarburized rivets using the 4.763 mm (0.1875 in) diameter ball bearing. 
The 12.7 mm (0.50 in) ball bearing provided a high degree of strain to the rivet tail and provided similar 
results to those gained with the 120° conical die where the decarburized rivet showed a higher degree of crosshead 
displacement to failure than the rivets that had not been decarburized. The same type of behavior that was observed 
during flaring using the 120° conical die was observed in terms of approximately equivalent maximum force and an 
improvement in crosshead displacement to failure after decarburization was applied.  
 
 
Figure 4.34 Mechanical flaring curves for 10B37 cold forged 1 mm (0.039 inch) shank thickness rivets using a 
4.763 mm (0.1875 in) ball bearing. The arrow indicates full envelopment of the ball bearing into 
the rivet bore and a load spike as the crosshead comes into contact with the rivet shank. 
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Figure 4.35 Mechanical flaring curves for 10B37 cold forged 1 mm (0.039 inch) shank thickness rivets using a 
12.7 mm (0.50 in) ball bearing. Improvements in both crosshead displacement and load to failure 
from decarburization are observed. 
 
Bottom view photographs of flared 10B37 1 mm (0.039 inch) shank thickness rivets in the 
non-decarburized and intentionally decarburized conditions that were flared using a 4.763 mm (0.1875 in) ball 
bearing and 12.7 mm (0.50 in) ball bearing are shown in Figures 4.36 and 4.37, respectively. The impact of 
decarburization can be clearly seen as the 10B37 rivets that had been decarburized provided a larger degree of hoop 
strain during the flaring process with each strain path under investigation. 
 
  
(a)  (b) 
Figure 4.36 Photographs of 10B37 1 mm (0.039 inch) shank thickness rivets flared to failure using a 4.763 mm 
(0.1875 in) ball bearing. (a) No decarburization showing a single large fracture, (b) decarburized 
for 60 minutes the ball bearing being fully set into the rivet bore and unable to be removed along 
with no visible fractures. 
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(a)  (b) 
Figure 4.37 Photographs of 10B37 1 mm (0.039 inch) shank thickness rivets flared to failure using a 12.7 mm 
(0.50 in) ball bearing. (a) No decarburization showing multiple fractures around the rivet 
circumference (b) decarburized for 60 minutes showing a single large fracture and higher degree 
of flaring. 
 
4.3.7 Digital Image Correlation: 10B37 Decarburized Rivet Flaring 
Digital image correlation studies were performed on 1.25 mm (0.049 in) shank thickness rivets after being 
quenched and tempered at 200 °C for 30 minutes and after being decarburized for 20 minutes, quenched and 
tempered at 200 °C. 1.00 mm (0.039 in) shank thickness rivets that were quenched and tempered at 200 °C and 
decarburized for 60 minutes, quenched and tempered at 200 °C were also utilized for DIC analysis. Photographs of 
the fractured rivets and the associated strain scales for the hoop (εz) and axial (εy) strain are presented in 
Figures 4.38a and 4.38b for the non-decarburized 1.25 mm (0.049 in) shank thickness rivets . The hoop (εz)  and 
axial (εy) strains during flaring of the decarburized 1.25 mm (0.049 in) shank thickness rivets are presented in Figure 
4.39a and 4.39b. Photographs showing the hoop (εz) and axial (εy) strain development in 1.00 mm (0.039 in) shank 
thickness rivets are shown in Figure 4.40a and 4.40b for the non-decarburized condition with the hoop and axial 
decarburized rivets being shown in Figure 4.41a and 4.41b.  
The large improvements in terms of hoop strain to failure after the decarburization process was applied can 
be seen in each rivet geometry where the maximum hoop strain at the rivet tail increases from 15 pct in the 
quenched and tempered rivets to 30 pct for the 1.25 mm (0.049 in) shank thickness rivets decarburized for 20 
minutes and 60 pct for the 1.00 mm (0.039 in) shank thickness rivets that had been decarburized for 60 minutes. The 
axial strain at the rivet tail increased slightly after decarburization was applied to the 1.25 mm (0.049 in) shank 
thickness rivets due to the high degree of column strength during the flaring process. The 1.00 mm (0.039 in) shank 
thickness rivets had a larger increase in axial strain at the rivet tail as a result of the rivet shank deforming so that a 




(a)  (b) 
Figure 4.38 Photographs of 1.25 mm (0.049 in) shank thickness rivets quenched and tempered at 200 °C for 
30 minutes flared to failure using a 120° conical die with DIC measurements superimposed. 
(a) Hoop strain (εz) at the point of failure with a maximum of 15 pct. (b) Axial strain (εy) at failure 
with a maximum of -20 pct. 
 
  
(a)  (b) 
Figure 4.39 Photographs of 1.25 mm (0.049 in) shank thickness rivets decarburized for 20 minutes, quenched 
and tempered at 200 °C for 30 minutes flared to failure using a 120° conical die with DIC 
measurements superimposed. (a) Hoop strain (εz) at the point of failure with a maximum of 30 pct. 




(a)  (b) 
Figure 4.40 Photographs of 1.00 mm (0.039 in)  shank thickness rivets quenched and tempered at 200 °C for 
30 minutes flared to failure using a 120° conical die with DIC measurements superimposed. (a) 
Hoop strain (εz) at the point of failure with a maximum of 15 pct. (b) Axial strain (εy) at failure 
with a maximum of -18 pct. 
 
  
(a)  (b) 
Figure 4.41 Photographs of 1.00 mm (0.039 in) shank thickness rivets decarburized for 60 minutes, quenched 
and tempered at 200 °C for 30 minutes flared to failure using a 120° conical die with DIC 
measurements superimposed. (a) Hoop strain (εz) at the point of failure with a maximum of 60 pct. 
(b) Axial strain (εy) at failure with a maximum of -45 pct. 
 
Axial strain (εy) and hoop strain (εz) for each rivet geometry were extracted from the DIC measurements on 
the rivet shank above the point of fracture. The axial strain (εy) as a function of hoop strain (εz) for each rivet 
condition is plotted and shown in Figure 4.42. The hoop strain to failure increases significantly for each rivet 
geometry under investigation after being decarburized. The 1.25 mm (0.049 in) shank thickness rivets showed 
approximately equal rates of axial (εy) strain and hoop (εz) strain development. The equal strain evolution rate 
indicates the column strength was approximately equal between the non-decarburized and decarburized rivets. The 
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strain evolution rates differed more for the 1.00 mm (0.039 in) shank thickness rivets, indicating a reduction in 
column strength in the decarburized rivets as a given hoop strain (εz) resulted in a higher degree of axial (εy) strain. 
The increased axial strain may be a result of the higher proportion of ferrite in the 1.00 mm (0.039 in) shank 
thickness rivets that had been decarburized for 60 minutes compared to the 1.25 mm (0.049 in) shank thickness 
rivets with 20 minutes of decarburization. 
 
 
Figure 4.42 Axial strain (εy) as a function of hoop strain (εz) during rivet flaring using a 120° conical die for 
1.25 mm (0.049 in) shank thickness rivets with no decarburization and after being decarburized 
for 20 minutes along with 1.00 mm (0.039 in) shank thickness rivets with no decarburization 
and after being decarburized for 60 minutes. Significant increases in hoop strain to failure are 
noted for each decarburized condition. 
 
4.3.8 10B37 Joining Trials: Press Hardened Steel to Al6111 
Joining trials were performed for the PHS to Al6111 case study using 10B37 rivets that had been 
conventionally processed by quenching and tempering at 200 °C for 30 minutes as well as 10B37 rivets that had 
been intentionally decarburized prior to quenching and tempering at 200 °C for 30 minutes. Cross-sections 
comparing the 10B37 non-decarburized rivets and rivets that had been decarburized are shown in Figure 4.43a and 
4.43b, while bottom view photographs of extracted rivets of the same conditions are shown in Figure 4.44a and 
4.44b.  The decarburized rivets were able to resist buckling and provide adequate interlock distances while also 
avoiding fractures at the tail that occurred when using the conventionally processed rivets. The interlock distance for 
the non-decarburized rivets was 0.59 ± 0.04 mm, while the rivets which had been decarburized for 20 minutes had 
an interlock distance of 0.42 ± 0.03 mm. Each rivet heat-treatment provided interlock distances beyond the 0.2 mm 
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± 0.06 mm compared to 1.46 ± 0.08 mm for the rivets decarburized for 20 minutes. The approximately equal shank 
thickness indicates the column strength was not significantly reduced after the decarburization process was applied. 
 
  
(a)  (b) 
Figure 4.43 Cross-sections from the press-hardened steel case study comparing (a) non-decarburized rivet and 
(b) rivet decarburized for 20 minutes. No obvious buckling of the rivet shanks was observed in 




Figure 4.44 Bottom view of extracted rivets from the press-hardened steel case study comparing (a) 
non-decarburized rivet and (b) rivet decarburized for 20 minutes. Fractures were evident in 
non-decarburized rivets while none were apparent in the decarburized rivet. 
 
4.3.9 10B37 Joining Trials: Commonization 
Joining attempts using the commonization joint stack and associated rivet geometry were carried out using 
10B37 rivets after being quenched and tempered at 200 °C for 30 minutes as well as rivets that had been 
intentionally decarburized for 60 minutes prior to tempering at 200 °C for 30 minutes. Cross-section photographs of 
non-decarburized rivets are shown in Figure 4.45a, while the decarburized rivets are shown in Figure 4.45b. Bottom 
view photographs of extracted rivets are also presented for the non-decarburized rivets and decarburized rivets in 
Figures 4.46a and 4.46b, respectively. An average interlock distance of 0.84 ± 0.10 mm was observed for the 10B37 
rivets in the decarburized condition while also avoiding any fractures at the rivet tail that were noted in the 
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non-decarburized rivets. The high degree of interlock, ability to achieve the target head height, and absence of 
fractures indicates a joint that would pass all specifications for automotive use. 
 
  
(a)  (b) 
Figure 4.45 Cross-sections from the commonization case study comparing (a) 10B37 non-decarburized rivet 
showing asymmetrical flaring and (b) 10B37 rivet decarburized for 60 minutes showing a 
successful joining attempt. 
 
  
(a)  (b) 
Figure 4.46 Bottom view of extracted rivets from the commonization case study comparing (a) 10B37 
non-decarburized rivet and (b) 10B37 rivet decarburized for 60 minutes. Fractures were avoided 
by integration of a decarburized ferrite skin. 
 
4.4 Alternative Alloy Investigation 
 Alternative alloys and microstructures were investigated through flaring trials using the 120° conical die as 
well as joining trials. Section 4.4.1 details the results of 4130 quenched and tempered prototype rivets after flaring 
using the 120° conical die. Results from flaring and joining experiments using 4340 prototype rivets of various 
microstructures are presented in Sections 4.4.2 through 4.4.6. Flaring and joining experiments were also performed 
on 5160 prototype rivets after being quenched and tempered and intentionally decarburized and are shown in 
Sections 4.4.7 through 4.4.10. A summary of the results from the joining case studies is presented in Section 4.4.11 
for the PHS/Al6111 case study and 4.4.12 for the commonization case study. 
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4.4.1 4130 Quench and Temper Rivet Flaring: 120° Conical Die 
 The results for the flaring of 1.00 mm (0.039 in) shank thickness rivets cold-forged from 4130 steel 
quenched and tempered at 100 °C, 150 °C and 200 °C for 30 minutes are shown in Figure 4.47 while bottom view 
photographs of the fractured rivets are shown in Figure 4.48a-c. Based upon data from the flaring test and the 
associated rivet fractures, it appears as though 4130 provides approximately equal performance in terms of 
maximum load and crosshead displacement to failure after tempering at 100 °C for 30 minutes as 10B37 rivets that 
had been tempered at 250 °C for 30 minutes. After tempering at 150 °C and 200 °C for 30 minutes, the maximum 
load is lower than that observed with the 10B37 rivets while the fractures that formed were similar in appearance. 
The lower maximum load is an indicator that buckling may be a concern during joining attempts with 4130 rivets. 
Due to the observed low column strength, 4130 rivets were not evaluated with joining trials as rivet buckling was 
expected when attempting to join PHS and Al6111. 
 
 
Figure 4.47 Mechanical conical die flaring curves for 4130 1.00 mm (0.039 in) shank thickness rivets 
tempered at 100 °C, 150 °C and 200 °C for 30 minutes. 
 
   
(a) (b) (c) 
Figure 4.48 Bottom views of fractured 4130 rivets after being flared: (a) 100 °C 30 minutes, (b) 150 °C 30 
minutes, (c) 200 °C 30 minutes. 4130 rivets tempered at 100 °C show a single large fracture 
propagating down the entirety of the rivet shank. 
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4.4.2 4340 Quench and Temper Rivet Flaring: 120° Conical Die 
The results for the flaring of 1.00 mm (0.039 in) shank thickness rivets cold-forged from 4340 steel 
quenched and tempered at 200 °C, 250 °C and 300 °C for 30 minutes are shown in Figure 4.49 while bottom view 
photographs of the fractured rivets are shown in Figure 4.50a-c. The 4340 rivets showed very similar results to 
10B37 in terms of maximum load and crosshead displacement to failure during flaring tests after tempering at 
250 °C for 30 minutes. The similar maximum force and crosshead displacement indicates 4340 as a potential 
alternative to 10B37. Higher maximum loads were achieved after tempering at 200 °C for 30 minutes but resulted in 
fractures where portions of the rivet shank completely separated from the head of the rivet in some cases. The large 
fractures that developed may be due to defects that occurred during the cold forging of the wire since they appeared 
to occur randomly and were noted through most of the alloys under investigation during the various flaring 
experiments. The fractures that occurred at 250 °C and 300 °C were very similar to those noted in 10B37 rivets 
tempered to approximately equal hardness levels. 
 
 
Figure 4.49 Mechanical conical die flaring curves for 4340 1.00 mm (0.039 in) shank thickness rivets 
tempered at 200 °C, 250 °C and 300 °C for 30 minutes. 
 
   
(a) (b) (c) 
Figure 4.50 Bottom views of fractured 4340 rivets after being flared: (a) 200 °C 30 minutes, (b) 250 °C 
30 minutes, (c) 300 °C 30 minutes. 4340 rivets tempered at 200 °C exhibited fractures that 
resulted in large portions of the rivet shank being completely removed. 
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4.4.3 4340 Mixed Microstructure Rivet Flaring: 120° Conical Die 
Results from flaring experiments using 1.00 mm (0.039 in) shank thickness 4340 rivets austempered at 
320 °C for 2 and 4 minutes compared to quench and tempered 4340 rivets tempered at 250° C for 30 minutes are 
shown in Figure 4.51. The 4340 rivets austempered for 2 minutes provided a small improvement in crosshead 
displacement to failure as well as maximum force during the flaring test when compared to 4340 rivets quenched 
and tempered at 250° C for 30 minutes. The 4340 rivets austempered for 4 minutes showed a slight improvement in 
crosshead displacement to failure while achieving the same approximate maximum force as the 4340 rivets that had 
been quenched and tempered at 250° C for 30 minutes. The improvements provided by the austempering process 
using 4340 rivets may not be statistically significant when using a larger sample size.  
 
 
Figure 4.51 Mechanical conical die flaring curves for 4340 1.00 mm (0.039 in) shank thickness rivets 
tempered at 250 °C for 30 minutes and rivets that had been austempered at 320 °C for 2 minutes 





Figure 4.52 Scanning electron micrographs of fractured 4340 rivets. (a) Quenched and tempered at 250 °C rivet 
showing many small surface fractures on the rivet chamfer and multiple fractures on the rivet tail 
circumference. (b) Austempered 4340 showing larger fractures on the circumference of the rivet tail 
with no observable surface fractures on the rivet chamfer. 
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Scanning electron micrographs of fractured 4340 rivets are shown in Figure 4.52a for the quenched and 
tempered rivets and 4.52b for the austempered rivets. Rivets that had been quenched and tempered showed many 
small fractures at the circumference of the rivet with superficial surface fractures on the rivet chamfer. The 
austempered rivets showed 2-3 larger fractures distributed around the circumference of the rivet tail with no 
evidence of the smaller surface fractures on the chamfer that were noted in the quenched and tempered rivets. The 
differences in fracture appearance and distribution may be a result of decarburization that occurred during the 
austempering heat-treatments performed using salt-pot furnaces. 
 
4.4.4 4340 Decarburized Rivet Flaring: 120° Conical Die 
 Intentionally decarburized 1.00 mm (0.039 in) shank thickness 4340 rivets were flared using the 120° 
conical die to determine the impact of alloy differences during the decarburization process. The flaring curves are 
shown in Figure 4.53 along with bottom views of fractured rivets in Figure 4.54. The effects of decarburization were 
positive in terms of maximum load and crosshead displacement to failure after 90 and 120 minutes of 
decarburization when compared to 4340 rivets that had been quenched and tempered at 200 °C for 30 minutes with 
no decarburization. However, the effect of decarburization was much less pronounced with 4340 than was observed 
with the 10B37 rivets. The maximum load degrades through additional decarburization time to a lower value than 
was observed using the 4340 rivets that had been quenched and tempered at 200 °C for 30 minutes. The positive 
effects of decarburization can be seen in the bottom view photographs in Figure 4.54a and 4.54b where the hoop 
strain to failure increases after decarburization is performed. The fractures differ between the decarburized rivets 
and those that had been quenched and tempered at 200 °C for 30 minutes. Quenched and tempered rivets showed 
multiple fractures randomly distributed around the rivet circumference while the rivets that had been decarburized 
showed a single large fracture that propagated further up the shank of the rivet. 
 
Figure 4.53 Mechanical conical die flaring curves for 4340 1.00 mm (0.039 in) shank thickness rivets 
quenched and tempered at 200 °C for 30 minutes and rivets that had been intentionally 
decarburized for 90, 120 and 240 minutes prior to quenching and tempering at 200 °C for 
30 minutes. 
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(a)  (b) 
Figure 4.54 Photographs of 4340 cold forged 1 mm (0.039 inch) shank thickness rivets flared to failure using a 
120° conical die. (a) No decarburization showing multiple small fractures around the rivet tail, 
(b) Decarburized for 90 minutes showing a single large fracture. 
 
4.4.5 4340 Joining Trials: Press Hardened Steel to Al6111 
Riveting cross-sections from 4340 rivets prepared via quenching and tempering at 200 °C for 30 minutes 
and rivets that had been decarburized for 90 minutes are shown in Figure 4.55a and 4.55b along with bottom view 
photographs of extracted rivets in the same conditions in Figure 4.56a and 4.56b. The average interlock distance for 
the 4340 non-decarburized rivets was 0.50 ± 0.06 mm and 0.60 ± 0.10 mm for the decarburized condition, which 
was approximately equivalent to the 10B37 non-decarburized condition. Shank thickness was also comparable 
between the 10B37 non-decarburized and the 4340 decarburized with an average shank thickness of 1.43 ± 0.06 mm 
and 1.42 ± 0.09 mm, respectively. Extracted rivets showed no presence of fractures with the 4340 rivets that had 
been decarburized for 90 minutes, while multiple fractures were noted around the circumference of the rivet tail 
after being quenched and tempered at 200 °C for 30 minutes with no decarburization. The fractures are indicated 
with an arrow in Figure 4.56a. The adequate interlock distance and ability to avoid tail fractures indicate 4340 rivets 
that have been decarburized may provide successful joining of the PHS and Al6111 sheet metal combination. 
 
  
(a)  (b) 
Figure 4.55 Cross-sections from the press-hardened steel case study comparing (a) 4340 non-decarburized 
rivet and (b) 4340 rivet decarburized for 90 minutes. No significant buckling or shank thickening 




(a)  (b) 
Figure 4.56 Bottom view of extracted rivets from the press-hardened steel case study comparing (a) 4340 non-
decarburized rivet and (b) 4340 rivet decarburized for 90 minutes. Fractures evident in non-
decarburized rivets, none apparent in decarburized rivets. 
 
4.4.6 4340 Joining Trials: Commonization 
Cross sections from joints using 4340 in the non-decarburized and decarburized conditions are shown in 
Figures 4.57a and 4.57b, respectively. Bottom view photographs of extracted 4340 rivets quenched and tempered at 
200 °C for 30 minutes and decarburized for 90 minutes prior to tempering at 200 °C for 30 minutes are shown in 
4.58a and 4.58b. The same trends that were noted in the 10B37 rivets translate to the 4340 rivets, although fractures 
are not completely avoided in the decarburized condition with the appearance of small fractures around the 
circumference of the rivet tail that are indicated with an arrow in Figure 4.58b. The average interlock distance of the 
4340 decarburized rivet was 0.78 ± 0.06 mm, the lowest of all decarburized conditions evaluated. 
 
  
(a)  (b) 
Figure 4.57 Cross-sections from the commonization case study comparing (a) 4340 non-decarburized rivet and 
(b) 4340 rivet decarburized for 90 minutes. Obvious through fractures are present in the non-




(a)  (b) 
Figure 4.58 Bottom view of extracted rivets from the commonization case study comparing (a) 4340 non-
decarburized rivet and (b) 4340 rivet decarburized for 90 minutes. Small tail fractures (marked 
with an arrow) are evident in the decarburized condition. 
 
4.4.7 5160 Quench and Temper Rivet Flaring: 120° Conical Die 
The results for the flaring of 1.00 mm (0.039 in) shank thickness rivets cold-forged from 5160 steel 
quenched and tempered at 350 °C, 400 °C and 450 °C for 30 minutes are shown in Figure 4.59 while bottom view 
photographs of the fractured rivets are shown in Figure 4.60a-c. The 5160 rivets showed the lowest maximum force 
and crosshead displacement to fracture of all the alloys evaluated. The low performance of the 5160 rivets may be 
due to quench embrittlement at hardness values over 550 HV. The 5160 rivets quenched and tempered at 350 °C for 
30 minutes showed brittle fracture with very little plastic deformation at the tail of the rivet and portions of the rivet 
shank being completely separated from the rivet head after testing. Tempering at higher temperatures led to 
increased ductility that provided increased crosshead displacement to failure but a reduction in maximum load below 
that noted in 10B37 rivets. The high hardness achieved with the 5160 rivets after a quench and temper heat-
treatment may provide positive joining effects with hard materials, such as PHS, but the inability of the rivet to flare 
to an appreciable degree at high hardness levels reduces the applicability of this alloy in a riveting application. 
 
   
(a) (b) (c) 
Figure 4.60 Bottom views of fractured 5160 rivets after being flared: (a) 350 °C 30 minutes, (b) 400 °C 30 




Figure 4.59 Mechanical conical die flaring curves for 5160 1.00 mm (0.039 in) shank thickness rivets 
tempered at 350 °C, 400 °C and 450 °C for 30 minutes. 
 
4.4.8 5160 Decarburized Rivet Flaring: 120° Conical Die 
Intentionally decarburized 1.00 mm (0.039 in) shank thickness 5160 rivets were flared using the 120° 
conical die to further define alloy differences during the decarburization process. The flaring curves are shown in 
Figure 4.61 along with bottom views of fractured rivets in Figure 4.62a and 4.62b. The 5160 rivets behaved in a 
very similar manner to the 10B37 rivets after the decarburization heat-treatments were applied showing a single 
large fracture that developed during flaring. Additional secondary fractures developed with 5160 rivets that had been 
decarburized and can be seen in Figure 4.62b. The 5160 rivets that had been quenched and tempered at 350 °C for 
30 minutes showed brittle fractures, resulting in portions of the rivet shank separating completely. Both the 
maximum load and crosshead displacement to failure increased with increasing decarburization up to 240 minutes of 
decarburization time. The rivets that were decarburized for 240 minutes showed reduced loads throughout the 
flaring curves when compared to the other heat-treatment conditions, indicating a reduction in column strength as 
the thickness of the ferrite surface layer increased. The performance of the rivets that had been decarburized for 90 
and 120 minutes during the flaring test indicates that the bulk microstructure provides the required column strength 
while the surface layer of ferrite increases the flaring capability significantly when compared to rivets that were 
quenched and tempered at 350 °C with no decarburization.  
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Figure 4.61 Mechanical conical die flaring curves for 5160 1.00 mm (0.039 in) shank thickness rivets 
tempered at 200 °C for 30 minutes and rivets that had been intentionally decarburized for 90, 120 
and 240 minutes prior to tempering at 350 °C for 30 minutes. An improvement in strength and 
hoop strain to failure is observed as decarburization time increases up to 120 minutes.  
 
  
(a)  (b) 
Figure 4.62 Photographs of 5160 cold forged 1 mm (0.039 inch) shank thickness rivets flared to failure using a 
120° conical die. (a) No decarburization showing no appreciable plastic deformation, 
(b) Decarburized for 120 minutes showing a single large fracture with secondary fractures and 
regions of localized necking around the circumference of the rivet, noted with arrows. 
 
4.4.9 5160 Joining Trials: Press Hardened Steel to Al6111 
5160 rivets were not able to be cold forged using the rivet geometry allocated to the PHS and Al6111 joint 
due to repeated failures of die components when attempting to extrude the rivet shank. As a result, 5160 1.25 mm 
(0.049 in) shank thickness rivets were instead machined for evaluation and subjected to decarburization for 
120 minutes and tempering at 350 °C for 30 minutes based upon performance from the flaring trials. Cross-section 
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and bottom view photographs of the decarburized 5160 rivets are shown in Figure 4.63a and 4.63b, respectively. 
The 5160 rivets appear to buckle slightly with significant shank thickening, resulting in the greatest average shank 
thickness of 1.54 ± 0.05 mm. Average interlock distance was the lowest of all evaluated rivets as well with an 
average distance of 0.37 ± 0.06 mm. However, this interlock is still beyond the 0.2 mm threshold value and the 5160 
rivets were able to avoid fractures, indicating potential for riveting applications if the cold heading procedure can be 
modified to successfully produce rivets. 
 
  
(a)  (b) 
Figure 4.63 Joining results from the press-hardened steel case study using 5160 rivets decarburized for 120 
minutes. (a) Cross-section showing no significant buckling of the rivet shanks, (b) bottom view 
showing no apparent fractures. 
 
4.4.10 5160 Joining Trials: Commonization 
Cross sections and bottom views from joints using 5160 rivet that had been quenched and tempered at 
350 °C for 30 minutes and decarburized for 120 minutes followed by quenching and tempering at 350 °C for 
30 minutes are shown in Figures 4.64a-b and 4.65a-b, respectively. The performance was very similar to that noted 
in the 10B37 rivets in the decarburized condition with a significant amount of interlock and no fractures at the rivet 
tail. 5160 rivets that had not been decarburized showed brittle fracture where portions of the rivet broke off 
completely, similar to the observations made during the 120° conical die flaring experiments. 5160 rivets showed 
the largest average interlock distance with 1.13 ± 0.12 mm. This led to instances of bottom substrate failure where 
cracks developed around the rivet circumference; these fractures may be avoided by alternative die selection during 
vehicle production. 5160 decarburized rivets also exhibited a single, large fracture in one of the two extracted rivets 




(a)  (b) 
Figure 4.64 Cross-sections from the commonization case study comparing (a) 5160 non-decarburized rivet and 
(b) 5160 rivet decarburized for 120 minutes. Obvious fractures in the non-decarburized and 
symmetrical flaring in the decarburized condition. Bottom substrate failure circled. 
 
  
(a)  (b) 
Figure 4.65 Bottom view of extracted rivets from the commonization case study comparing (a) 5160 non-
decarburized rivet and (b) 5160 rivet decarburized for 120 minutes. Brittle fracture is evident in 
the non-decarburized rivet while the decarburized rivet showed no obvious fractures. 
 
4.5 Joining Summary: 10B37, 4340 AND 5160 Decarburized Rivets 
A summary of the results from joining trials of PHS and AL6111 is provided in Table 4.6 showing the 
interlock distance, shank thickness and appearance of tail fractures along with the associated standard deviations. 
Based upon the interlock distance, shank thickness and presence of fractures, 10B37, 4340 and 5160 all provide 
successful joining in the decarburized conditions with interlock distances over the minimum threshold value of 0.2 
mm and no evidence of tail fractures or significant rivet buckling. The 4340 rivets decarburized for 90 minutes and 
tempered at 200 °C for 30 minutes showed the highest degree of interlock and lowest shank thickness while still 





Table 4.6 – Interlock, Shank Thickness and Presence of Fractures During Joining of PHS and Al6111 
 
 Interlock Distance [mm] Shank Thickness [mm] Tail Fractures (Y/N) 
10B37 non-decarburized 0.59 ± 0.04 1.43 ± 0.06 Yes 
10B37 decarburized 20 min 0.42 ± 0.03 1.46 ± 0.08  No 
4340 non-decarburized 0.50 ± 0.06 1.35 + 0.05 Yes 
4340 decarburized 90 min 0.60 ± 0.10 1.42 ± 0.09 No 
5160 decarburized 120 min 0.37 ± 0.06 1.54 ± 0.15 No 
 
A summary of the results from joining trials for the commonization case study are provided in Table 4.7 
showing the interlock distance and standard deviation as well as the appearance of tail fractures. None of the rivets 
evaluated showed any significant shank thickening or potential to buckle due to the low hardness of the aluminum 
sheets being joined. Based upon interlock distance and the ability to avoid tail fractures, the 10B37 and 5160 rivets 
that had been decarburized showed successful joining attempts. The interlock distances are well beyond the 
threshold value of 0.2 mm while still avoiding tail fractures. The 5160 rivets that had been decarburized showed the 
largest degree of flaring, resulting in bottom substrate failures and tail fractures in 1 out of 2 of the extracted rivets. 
The substrate failures and potential for fracture may be avoided by die selection or a reduced decarburized layer 
thickness to provide higher rivet stiffness and reduced flaring during joining. 
 
Table 4.7 - Interlock and Presence of Fractures During Commonization Joining Attempts 
 
 Interlock Distance [mm] Tail Fractures (Y/N) 
10B37 non-decarburized 1.11 ±0.15 Yes 
10B37 decarburized 60 min 0.84 ± 0.10 No 
4340 non-decarburized 0.91 ± 0.13 Yes 
4340 decarburized 90 min 0.78 ± 0.07 Yes 
5160 Q&T non-decarburized 0.99 ± 0.11 Yes 
5160 decarburized 120 min 1.13 ± 0.12 No 
 
 Based upon the flaring and joining trials, 10B37 and 5160 are able to successfully join each case study 
under investigation after being decarburized. Due to the inability to cold-forge 5160 rivets into the 1.25 mm 
(0.049 in) shank thickness geometry required for the PHS/Al6111 joint the applicability may be limited without 
modification of the cold-forging process. The difficulties associated with integrating 5160 as an alternative rivet 
alloy leave 10B37 as the alloy that provides the highest degree of success in riveting applications after the 
decarburization process has been applied. The decarburized surface thickness could potentially be modified based 
upon the column strength and flaring requirements to allow a range of rivet material properties for specific joint 
applications. 
 
4.6 Finite Element Simulations: 10B37 Rivet Flaring 
 Finite element simulations of the rivet flaring process were created to define the stresses and strains that 
evolved during the flaring process and to evaluate the Cockroft and Latham failure criterion for flaring of rivets. 
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Figure 4.66 shows the DIC experimentally measured strain evolution in the axial (εy) and hoop (εz) directions for 
10B37 rivets with 1.25 mm (0.049 in) and 1.00 mm (0.039 in) shank thickness after being quenched and tempered at 
200 °C for 30 minutes and after being intentionally decarburized; the results are compared to the corresponding 
Abaqus simulations. There is good agreement in all cases with the largest deviations occurring with the 1.00 mm 
(0.039 in) shank thickness rivets that had been decarburized for 60 minutes. The deviations may occur due to the 
simulation not replicating the necking that was observed in Figure 4.41 that was captured in the DIC analysis.  
 
 
Figure 4.66 Axial strain (εy) as a function of hoop strain (εz) during rivet flaring using a 120° conical die for 
1.25 mm (0.049 in) shank thickness rivets with no decarburization and after being decarburized 
for 20 minutes. Axial strain (εy) as a function of hoop strain (εz) during rivet flaring using a 120° 
conical die for 1.00 mm (0.039 in) shank thickness rivets with no decarburization and after 
being decarburized for 60 minutes. Corresponding Abaqus simulations results are shown with 
solid lines. 
 
The Von Mises stress and maximum principal stress in MPa along with the effective strain are presented 
for the 1.25 mm (0.049 in) shank thickness rivet quenched and tempered at 200 °C for 30 minutes and flared using 
the 120° conical die in Figures 4.67a-c, respectively. A high degree of Von Mises stress, over 2000 MPa, in 
Figure 4.67a develops through the entire length of the rivet shank, while the maximum principal stress in 
Figure 4.67b reaches a tensile maximum at the outer circumference of the rivet tail where fractures occur, while the 
interior has a negative value. The effective strain shown in Figure 4.67c reaches a maximum at the interior of the 
rivet tail where the rivet contacts the die. 
The same analysis was performed for the 1.25 mm (0.049 in) shank thickness rivet after decarburization. 
The Von Mises stress and maximum principal stress in MPa along with the effective strain are presented for the 
1.25mm (0.049 in) shank thickness rivet in the decarburized quenched and tempered condition in Figures 4.68a-c, 
respectively. As observed during flaring of the non-decarburized the 1.25 mm (0.049 in) shank thickness rivets, the 
Von Mises stress shown in Figure 4.68a is above 2000 MPa through the entire rivet shank while the maximum 




















εz (hoop) [pct] 
Abaqus Simulation 
10B37 1.00 mm 
Decarburized 60 minutes 




10B37 1.25 mm 
No Decarburization 
Abaqus Simulation 
10B37 1.25 mm 
Decarburized 20 minutes 
  73 
occurring approximately halfway up the rivet shank. The maximum effective strain in Figure 4.68c is highest at the 
interface of the rivet and die near the rivet tail where contact is made. 
 
   
(a) (b) (c) 
Figure 4.67 Results from Abaqus finite element simulations of a quenched and tempered 1.25 mm (0.049 in) 
shank thickness rivet flared over a 120° conical die. Images taken from the point of failure based 




   
(a) (b) (c) 
Figure 4.68 Results from Abaqus finite element simulations of a decarburized 1.25 mm (0.049 in) shank thickness 
rivet flared over a 120° conical die. Images taken from the point of failure based upon flaring trials 
showing (a) Von Mises stress, (b) maximum principal stress and (c) equivalent strain. 
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 Results from finite element simulations of 1.00 mm (0.039 in) shank thickness rivets quenched and 
tempered at 200 °C for 30 minutes are shown in Figures 4.69a and 4.69b for Von Mises stress and maximum 
principal stress in MPa with the effective strain shown in Figure 4.69c. The Von Mises stress approaches 2000 MPa 
throughout the rivet shank while the maximum tensile principal stress is highest at the tail of the rivet near the outer 
surface with negative values on the interior, creating a strong gradient of principal stress through the shank of the 
rivet. The effective strain in Figure 4.69c reaches at maximum at the contact area of the rivet and die as was 
observed in the 1.25 mm (0.049 in) shank thickness rivets in the non-decarburized and decarburized condition. 
The same analysis was performed for the 1.00 mm (0.039 in) shank thickness rivet after decarburization. 
The Von Mises stress and maximum principal stress in MPa along with the effective strain are presented for the 
1.00 mm (0.039 in) shank thickness rivets that had been decarburized in Figures 4.70a-c, respectively. Once again, 
the Von Mises stress was over 2000 MPa throughout the entire rivet shank, while the maximum principal stress 
reached a tensile maximum at the outer surface of the rivet near the rivet tail and negative values at the interior of 
the rivet approximately halfway up the rivet shank. The effective strain reached a maximum at the die contact area 
near the rivet tail as was observed in the 1.25 mm (0.049 in) shank thickness that had been decarburized.  
 
   
(a) (b) (c) 
Figure 4.69 Results from Abaqus finite element simulations of a quenched and tempered 1.00 mm (0.039 in) 
shank thickness rivet flared over a 120° conical die. Images taken from the point of failure based 




   
(a) (b) (c) 
Figure 4.70 Results from Abaqus finite element simulations of a decarburized 1.00 mm (0.039 in) shank 
thickness rivet flared over a 120° conical die. Images taken from the point of failure based upon 
flaring trials showing (a) Von Mises stress, (b) maximum principal stress and (c) equivalent strain. 
 
 Additional simulations were performed using the 1.00 mm (0.039 in) shank thickness rivet geometry and 
the ball bearings to assess alternative strain paths. The results are shown in Figures 4.71a-c for rivets that had been 
quenched and tempered at 200 °C for 30 minutes and flared using a 4.763 mm (0.1875 in) ball bearing for Von 
Mises stress, maximum principal stress and effective strain. The results were similar to those observed during flaring 
of the 1.00 mm (0.039 in) shank thickness rivets using the 120° conical die. Differences occur where the maximum 
principal stress is highest at the outer surface of the rivet shank opposite the contact area made by the die, which 
may account for the differences in fractures that can be seen in Figure 4.23 where the fractures nucleate at the outer 
surface of the rivet as opposed to the tail of the rivet during joining experiments and flaring using the 120° conical 
die 
 The results are shown in Figures 4.72a-c for 1.00 mm (0.039 in) shank thickness rivets that had been 
quenched and tempered at 200 °C for 30 minutes and flared using a 12.7 mm (0.50 in) ball bearing for Von Mises 
stress and maximum principal stress in MPa as well as the effective strain. The results were very similar to those that 
occurred during simulations of the 1.00 mm (0.039 in) shank thickness rivets and the 120° conical die. The 
maximum principal stress occurs at the tail of the rivet while the effective strain reaches a maximum at the contact 
area of the die and the 12.7 mm (0.50 in) ball bearing. 
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(a) (b) (c) 
Figure 4.71 Results from Abaqus finite element simulations of a quenched and tempered 1.00 mm (0.039 in) 
shank thickness rivet flared over 4.763 mm (0.1875 in) ball bearing. Images taken from the point 
of failure based upon flaring trials showing (a) Von Mises stress, (b) maximum principal stress 
and (c) equivalent strain. 
 
 
   
(a) (b) (c) 
Figure 4.72 Results from Abaqus finite element simulations of a quenched and tempered 1.00 mm (0.039 in) 
shank thickness rivet flared over 12.7 mm (0.50 in) ball bearing. Images taken from the point of 
failure based upon flaring trials showing (a) Von Mises stress, (b) maximum principal stress and 




4.7 Cockroft and Latham Failure Criterion Evaluation 
 The Cockroft and Latham failure criterion was evaluated for both tensile testing of 10B37 wire quenched 
and tempered at 200 °C for 30 minutes as well as flaring of 1.25 mm (0.049 in) shank thickness rivets that had been 
quenched and tempered at 200 °C for 30 minutes and flared using the 120° conical die. Additional evaluations were 
performed on 1.00 mm (0.039 in) shank thickness rivets that had been quenched and tempered at 200 °C for 30 
minutes using the 120° conical die, 4.763 mm (0.1875 in) ball bearing, and 12.7 mm (0.50 in) ball bearing.  
A plot of the maximum principal stress as a function of effective strain obtained from a tensile test for 
10B37 wire is presented in Figure 4.73 along with a Holloman equation provided in Equation 5.1. The Holloman 
equation was integrated from 0 to the effective strain at failure to yield a value of 1559 MPa for the Cockroft-
Latham parameter. 
    �! = 3000�
!.!""    Equation 5.1 
 
 
Figure 4.73 Maximum principal stress as a function of effective strain for the plastic region of a uniaxial 
tensile test of 10B37 steel quenched and tempered at 200 °C for 30 minutes. A power law fit to the 
data is also shown. 
 
 The Cockroft and Latham failure criterion was evaluated for 10B37 rivets by extracting the maximum 
principal stress and effective strain from the Abaqus simulations to the point of failure defined based on the 
crosshead displacement at maximum load from flaring trials and performing a Reimann sum calculation. The 
maximum value calculated at the surface for 1.25 mm (0.049 in) shank thickness rivets flared using the 120° conical 
die was 403 MPa. The maximum value calculated at the surface for 1.00 mm (0.039 in) shank thickness rivets using 
the 120° conical die was 469 MPa. The maximum values calculated at the surface for 1.00 mm (0.039 in) shank 
thickness rivets using the 4.763 mm (0.1875 in) ball bearing and 12.7 mm (0.50 in) ball bearing were 311 MPa and 




































































determined during tensile testing. However, when taking the values calculated along the rivet surface and ranking 
them in descending order, it appears that the Cockroft and Latham failure criterion is able to predict the location of 
fracture formation with some degree of accuracy. The locations of fracture prediction are shown in Figures 4.74a-d 
for the of 1.25 mm (0.049 in) shank thickness rivets that had been flared using the 120° conical die, the 1.00 mm 
(0.039 in) shank thickness rivets that had been flared using the 120° conical die, 4.763 mm (0.1875 in) ball bearing 
and 12.7 mm (0.50 in) ball bearing, respectively. 
 
  
(a)  (b) 
  
(c) (d) 
Figure 4.74 Fracture locations predicted using the Cockroft and Latham failure criterion finite element 
simulations for the flaring of self-pierce rivets. (a) 1.25 mm (0.049 in) shank thickness rivet with 
120° conical die, (b) 1 mm (0.039 inch) shank thickness rivet with 120° conical die, (c) 1.00 mm 
(0.039 inch) shank thickness rivet with 4.763 mm (0.1875 in) ball bearing and (d) 1.00 mm 
(0.039 inch) shank thickness rivet with and 12.7 mm (0.5 in) diameter ball bearing.  
 
 The predicted locations of fracture can be compared to those determined through interrupted flaring 
experiments using the 1.25 mm (0.049 in) and 1.00 mm (0.039 in) shank thickness rivets and the 120° conical die. 
Scanning electron micrographs of rivets from interrupted flaring tests are shown in Figures 4.75a and 4.75b for the 
1.25 mm (0.049 in) and 1.00 mm (0.039 in) shank thickness rivets, respectively. Fractures nucleate at the outer 
circumference of the rivet tail where Cockroft and Latham criterion prediction was the maximum value. 
 The fracture locations predicted by the Cockroft and Latham failure criterion for the 1.00 mm (0.039 inch) 
shank thickness rivets when using the 4.763 mm (0.1875 in) and 12.7 mm (0.5 in) ball bearings can be related to the 







fractured rivets shown in Figures 4.36a and 4.37a and appear to correctly predict the fracture locations at the outer 
surface of the rivet shank and the interior rivet chamfer. The approximate magnitude of the Cockroft and Latham 
values coincide with those predicted for flaring using the 1.25 mm (0.049 in) shank thickness rivet and 1 mm 
(0.039 inch) shank thickness rivet when being flared with the 120° conical die. 
 
  
(a)  (b) 
Figure 4.75 Scanning electron micrographs for a 1.25 mm (0.049 in) and 1.00 mm (0.039 inch) shank 
thickness rivet flared to 95 pct maximum load. Fractures initiating at the outer circumference of 
the rivet tail in each case, the same region as predicted using the Cockroft and Latham failure 
criterion. The location of each micrograph is indicated by the inset diagram. 
 
 The Cockroft and Latham failure criterion was also applied to decarburized 1.25 mm (0.049 in) and 
1.00 mm (0.039 in) shank thickness 10B37 rivets during rivet flaring using the 120° conical die based upon the 
maximum principal stress and effective strain extracted from the Abaqus simulations. The simulations indicate that 
the regions most likely to form fractures lie beneath the decarburized surface layer and near the bulk of the rivet 
shank in both cases. The regions with the highest Cockroft and Latham values are circled on the tail of the flared 
rivets for the 1.25 mm (0.049 in) and 1.00 mm (0.039 in) shank thickness rivets in Figure 4.76a and 4.76b, 
respectively. The average values calculated for the 1.25 mm (0.049 in) and 1.00 mm (0.039 in) shank thickness 
rivets that had been decarburized were 1324 MPa and 1402 MPa, respectively. The values calculated based upon the 




(a)  (b) 
Figure 4.76 Fracture locations predicted using the Cockroft and Latham failure criterion finite element 
simulations for the flaring of decarburized self-pierce rivets. (a) 1.25 mm (0.049 in) and (b) 
1.00 mm (0.039 inch) shank thickness rivets. The circled portions indicate the regions with the 
highest Cockroft and Latham failure criterion values, indicating subsurface fracture initiation. 
 
 Photographs were taken of fracture surfaces from the decarburized 10B37 1.25 mm (0.049 in) and 1.00 mm 
(0.039 in) shank thickness 10B37 rivets after being flared using the 120° conical die and are shown in Figure 4.77a 
and 4.77b for the 1.25 mm (0.049 in) and 1.00 mm (0.039 in) shank thickness rivets, respectively. The fractures 
appear to show ductile void nucleation and growth through the centerline of the rivet shank with radial lines 
propagating from the center to the interior and exterior surfaces. Shear lips can be observed around the surface of the 
fracture from the rivet tail extending up the rivet shank on both the interior and exterior surfaces. 
 
  
(a)  (b) 
Figure 4.77 Photographs of fracture surfaces for (a) 1.25 mm (0.049 in) shank thickness rivet decarburized for 
20 minutes and (b) 1.00 mm (0.039 inch) shank thickness rivet decarburized for 60 minutes. Shear 






This chapter discusses the results obtained from the experiments and simulations presented in Chapter 
Four. The failures that have occurred during joining attempts using rivets produced from 10B37 steel are defined 
and a failure mechanism is proposed. The relation of riveting performance to mechanical tests, such as tensile testing 
and hardness, is presented along with the results of flaring experiments performed on rivets of various alloys and 
microstructures. The impact of intentional decarburization is defined using results from flaring experiments, digital 
image correlation (DIC) studies and joining trials using decarburized rivets from each of the alloys under 
investigation to determine the impact of alloying and processing on joining performance. Finally, the results 
obtained from finite element simulations are discussed in relation to the application of the Cockroft and Latham 
failure criterion to predict riveting failures. Potential reasons for inconsistencies between tensile testing and rivet 
flaring are presented to attempt to correlate the two methods of failure criterion evaluation. 
 
5.1 10B37 Rivet Failures During Joining 
 The riveting failures that developed during joining were comprised of two types, both of which have been 
defined during the joining of press-hardened steel (PHS). Due to production variations during the heat-treatment 
process for self-pierce rivets, a range of hardness values are deemed acceptable for each rivet hardness level.  
Figures 4.1a and 4.1b show the two failure types that developed at the minimum (535 HV) and maximum (585 HV) 
of the H6 automotive hardness range with a nominal hardness of 555 HV. The minimum hardness rivets showed 
buckling of the rivet shank based upon the cross-section in Figure 4.1a, indicating the column strength of the rivet 
had been exceeded during the piercing of the high hardness PHS sheet material. During tensile tests of 10B37 wire, 
it was determined that tempering at higher temperatures to achieve lower hardness values contributed to reduced 
yield strength and UTS when compared to wire tempered at 200 °C for 30 minutes. As the yield strength is reduced 
along with hardness, buckling occurs when attempting to join the high hardness PHS. 
As the hardness was increased to the maximum value for the H6 hardness level, buckling was avoided due 
to increased column strength. However, fractures developed at the outer circumference of the rivet tail, shown in 
Figures 4.1b and 4.1c. The rivet geometry used to join PHS and Al6111 was developed to join PHS and 5000 series 
aluminum using a flat bottom die that provides a low degree of rivet flaring. Due to the low ductility of the Al6111, 
an alternative die was selected to prevent fractures in the bottom aluminum sheet. The alternative die resulted in a 
higher degree of flaring of the rivet and a larger hoop strain at the outer circumference of the rivet tail. The 
additional strain exceeded the available ductility of the rivet and resulted in fractures. The failures may be related to 
the tensile properties, where the total yield strength and UTS were increased along with hardness levels, leading to a 
less compliant rivet. As the rivet column strength is increased, less buckling and shank thickening occurs, leading to 
a higher degree of interlock. The high degree of interlock contributes to the development of a significant hoop strain 
at the outer circumference of the rivet tail where the fractures formed. 
 The failure mode observed during commonization joining attempts developed as a result of the high degree 
of flaring required by the longer rivet. As the rivet length is increased from the initial rivet shown in Figure 4.2a to 
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the longer rivet used to commonize the joint in 4.2b, a higher degree of rivet flaring is required to achieve the target 
head-height without perforation of the bottom aluminum sheet. The failures that developed during the 
commonization joining attempts are similar to those that were observed during joining attempts of PHS and Al6111 
using the maximum hardness H6 rivet. Both rivets fracture as a result of flaring beyond design specifications, 
resulting in a high degree of hoop strain that exceeds the available ductility of 10B37 at the hardness levels required 
to pierce the sheet material.  
A schematic diagram of rivet flaring during joining is shown in Figure 5.1a and 5.1b to show the increase 
in rivet tail diameter and the resultant hoop strain. As the rivet flares, the circumference of the rivet tail expands 
beyond the initial diameter, resulting in a hoop strain that develops at the outer circumference of the rivet tail. The 
two case studies under investigation impose a high degree of flaring to the two different rivet geometries under 
investigation, leading to the hoop strain exceeding the ductility at the rivet tail and the formation of radial ductile 
fractures around the circumference of the rivet tail. The radial fractures at the rivet tail as a result of over flaring are 
the main limiting element in regards to joint development and commonization. Production of a hard rivet that is 
capable of piercing PHS and other high strength steel sheet materials can be accomplished through higher hardness 
values gained through low-temperature tempering for reduced time periods. However, a rivet produced in this 




Figure 5.1 A schematic of the hoop strain that develops during the flaring of the rivet that promotes the 
fractures observed in each case study under investigation. (a) Rivet cross-section prior to joining 
showing the initial diameter (DI). (b) Rivet cross-section after flaring showing a much larger final 
diameter (DF) along with a hoop strain that occurs around the rivet tail where the strain is the 
highest. 
 
 The fractures that developed, shown in Figures 4.3a and 4.3b, appear to be ductile in nature and occur 
through microvoid nucleation and coalescence. The ductile fractures in the 10B37 rivets indicate that embrittlement 
of the rivet is not the cause of the fractures that occur during flaring and that the available ductility of the rivet has 
been exceeded during the joining process for each case study under investigation. The fractures that form at the 
surface of the rivet, shown in Figure 4.4, indicate the hoop strain is the highest at the surface of the rivet and that the 
fractures nucleate at the surface and propagate into the shank of the rivet as the hoop strain increases during flaring.  
 Published simulations of the riveting process confirm the highest stresses and strains evolve at the surface 
















Mises stress evolved during joining using a similar geometry rivet to that utilized in the commonization case study. 
The highest Von Mises stress occurs at the outer circumference of the rivet tail as the rivet flares into the bottom 
sheet material under influence of the die. The stress evolution was also confirmed to be highest at the tail of the rivet 
based upon the work completed by Zhichao [25]. The Rousselier failure criterion is based upon ductile void 
nucleation and coalescence and has been utilized by Eckstein to predict rivet fractures during the joining process 
[24]. Fractures were predicted to form at the outer circumference of the rivet tail and at the rivet chamfer, as shown 
in Figure 2.7b. Fractures were noted in each of these locations in the rivet used for joining PHS and Al6111 as 
shown in Figures 4.3a and 4.4. 
 The fractures are deleterious due to the unpredictable joint strength that can be produced by fractured rivets 
as well as the potential for reduced fatigue performance due to increased rivet compliance and fretting. Rivets are 
beginning to be integrated into safety critical automotive components, such as anti-intrusion door beams, B-pillars 
and crash structures. The joints must behave in a predictable manner in order for the components to function 
correctly through the entire lifecycle of the vehicle to preserve safety and impact performance while also allowing 
the use of high strength steel and aluminum to reduce weight and achieve fuel economy targets. 
 
5.2 10B37 Quench and Temper Rivet Flaring 
 The following sections will discuss the results from flaring experiments conducted on 10B37 rivets using 
various die geometries in regards to the differences between each testing method and the fractures that developed. 
 
5.2.1 10B37 Flaring Die Comparison 
The rivet flaring procedure described in Section 3.4 was developed to impose the same type of hoop strains 
generated during the joining process to replicate the failures and provide an assessment of both the column strength 
and maximum flaring capability. The rivet flaring procedure provides a characteristic curve where the strain is 
concentrated at the tail of the rivet and proceeds up the rivet shank as the test progresses to higher degrees of 
crosshead displacement. A progression of the flaring test is shown in Figure 5.2a-c where the Von Mises stress is 
plotted for a 1 mm (0.039 inch) shank thickness rivet as flaring proceeds using the 120° conical die. The linear 
region at the first stage of the flaring curve is an indication of the rivet column strength where the rivet compresses 
elastically after coming into contact with the die as seen in Figure 5.2a. Figure 5.2b shows the point where the yield 
stress of the rivet is exceeded in compression, causing the rivet to begin to deform and causing the curve to deviate 
from linearity. The yield strength is met as the tail of the rivet with the lowest cross-sectional area first and a larger 
portion of the rivet begins to deform as the chamfer comes into contact with the die, shown in Figure 5.2c. The rivet 
continues to yield as the die is forced up the bore to the point of maximum applied load where compliance is 
increased as a result of the formation of fractures at the rivet tail, causing a drop in load. The point of failure is 
shown in Figure 5.2d. The mechanical flaring test was iterated through different die shapes to arrive at a testing 







Figure 5.2 Results from Abaqus finite element simulations of a quenched and tempered 1.00 mm (0.039 in) 
shank thickness rivet flared over a 120° conical die. Images show Von Mises stress in MPa at 
(a) the initiation of the test, (b) the rivet compressing elastically prior to yielding, (c) as the rivet 
tail begins to deform and (d) where failure occurs based upon experimental results. 
 
The first iteration of the flaring procedure using a 4.763 mm (0.1875 in) ball bearing provided an indication 
of rivet column strength and hoop strain to failure using a diametral extensometer to measure displacement. 
Although the flaring curves provided indications of the maximum applied force and diametral strain of the rivet 
during flaring to failure, the failures that developed using the 4.763 mm (0.1875 in) ball bearing were not consistent 
with those observed during joining experiments. Inconsistencies arose due to the ball bearing contacting the rivets at 
the interior chamfer as opposed to the tail of the rivet that undergoes the highest deformation during the joining 
procedure. 
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Deviations between flaring and joining were most notable for the 1.00 mm (0.039 in) shank thickness rivets 
that had been tempered to hardness values below 550 HV shown in Figure 4.23c and 4.23d. Rivets formed multiple 
fractures that nucleated at the outer circumference of the rivet shank as opposed to those developed during joining 
experiments with the fractures being distributed around the circumference of the rivet tail. Rivets with a 1.00 mm 
(0.039 in) shank thickness and hardness values in excess of 550 HV developed fractures during flaring that were 
similar to those observed during the commonization joining experiments shown in Figure 4.2c. Fractures propagated 
much further up the shank of the rivet during flaring experiments when compared to joining attempts. Differences 
between fractures that developed during flaring experiments with the 4.763 mm (0.1875 in) ball bearing and joining 
experiments using the 1.25 mm (0.049 in) shank thickness were also evident. Single fractures developed at the rivet 
tail during flaring attempts across all hardness levels under investigation where multiple smaller fractures were 
observed during joining attempts with PHS and Al6111. 
Due to the differences observed between the flaring test with the 4.763 mm (0.1875 in) ball bearing and 
joining experiments, an alternative die geometry was developed to provide a continually increasing radius for the 
rivet to be flared over in an effort to promote equivalent fractures to those noted during flaring trials. Based upon the 
fractures observed during the previous flaring experiments and published riveting simulations, it was determined a 
higher degree of flaring which focused on the tail of the rivet was required to promote the types of failures that 
occurred during joining. A 120° conical die was chosen to provide a high degree of flaring and allow the die to 
penetrate up the rivet bore without coming into contact with the rivet web. This die produced the flaring curves in 
Figures 4.24 and 4.25 for the 1.25 mm (0.049 in) and 1.00 mm (0.039 in) shank thickness rivets, respectively. Due 
to the diameter and shape of the die, the diametral extensometer was unable to be used for the flaring experiments 
using the conical die. As a result, crosshead displacement was utilized as an indicator of flaring performance. 
Flaring using the 120° conical die provided a strong indication of the rivet column strength along with differences in 
crosshead displacement to failure that are an indication of the hoop strain that was able to be accommodated by 
rivets at each tempering condition. The use of crosshead displacement as opposed to diametral strain caused the 
differences between each tempering condition to be reduced as the crosshead displacement captured the effects of 
different yield strengths on the area near the rivet tail with the lowest cross-sectional area. A rivet that is tempered to 
a lower hardness may exhibit lower yield strength based upon tensile testing results. Differences in yield strength 
may contribute to increased compliance at the tail of the rivet where the cross-sectional area is the lowest. The 
increased compliance as a result of reduced yield strength may promote a higher degree of hoop strain at a constant 
crosshead displacement during the flaring procedure when compared to a rivet with a higher yield strength that will 
deform elastically to higher loads. The yield strength differences resulted in a small difference in terms of crosshead 
displacement to failure between rivets with different hardness levels. The effect was less pronounced with the 
1.25 mm (0.049 in) shank thickness rivets used in the PHS to Al6111 study as the variation in cross-sectional area 
was less than that in the 1.00 mm (0.039 in) shank thickness rivets used for the commonization study. The issues 
could be avoided through DIC analysis of future flaring experiments to record hoop strain through a non-contact 
method and compare different heat-treatments and hardness levels. 
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5.2.2 10B37 Quench and Temper Rivet Fracture Behavior 
The differences between the flaring tests using the 4.763 mm (0.1875 in) ball bearing and the riveting 
process are attributed due to the different strain paths encountered by the rivet. Rivet flaring simulations shown in 
Figures 2.6b and 2.7b provide a continual increase of the rivet tail circumference as the sheet material fills the bore 
of the rivet during the joining process. The strain path during riveting can be compared to that developed during the 
flaring simulations using the 4.763 mm (0.1875 in) ball bearing shown in Figures 4.71a-c where the die contacts the 
interior of the rivet bore and has no contact with the outer tail of the rivet. The simulations show that the die does 
not come into contact with the tail of the rivet and the highest Von Mises stress and effective strain occur at the 
point of die contact on the interior of the rivet shank. A high degree of maximum principal stress develops at the tail 
of the rivet. However, the largest maximum principal stress occurs opposite the die contact area on the exterior of 
the rivet shank where fractures were observed to have formed during flaring experiments using rivets with hardness 
values below 550 HV. The Cockroft and Latham failure criterion predicts fracture on the outer bore of the rivet in 
Figure 4.74c during flaring using the 4.763 mm (0.1875 in) ball bearing, which coincides with the fractures observed 
during flaring attempts shown in Figures 4.23a-d.  
The 120° conical die flaring test produced rivet failures similar to those noted during joining attempts with 
multiple fractures distributed around the rivet tail for each of the two rivet geometries under investigation at all of 
the hardness levels that were evaluated as can be seen in Figures 4.26a-d and 4.27a-c. Due to the consistency 
between joining failures and those developed during flaring using the 120° conical die, this test method was chosen 
to evaluate the alternative alloys and microstructures under investigation. The integration of DIC analysis into the 
flaring procedure allowed the monitoring of hoop strain and axial strain during the testing procedure, replacing the 
diametral extensometer used in previous flaring attempts. 
The differences between the two flaring methods were confirmed through the finite element simulations 
shown in Figures 4.67b and 4.69b where the maximum principal stress is highest at the tail of the rivet where the 
fractures were observed to occur during joining attempts. The Cockroft and Latham failure criterion was applied to 
flaring using the conical die and was able to correctly predict the location of fracture at the rivet tail during flaring 
with each rivet geometry under investigation. The Cockroft and Latham predictions are shown in Figures 4.74a and 
4.74b where the failures are predicted to form at the tail of the rivet where fractures were observed during joining 
attempts. Photographs of interrupted flaring tests in Figures 4.75a and 4.75b also show fracture initiation at the sites 
predicted by the Cockroft and Latham criterion.  
 
5.3 10B37 Austempered Rivet Flaring 
10B37 rivets were austempered based on the procedures described in Section 3.2 with the results shown in 
Section 4.3.4. The flaring performance when using the 120° conical die flaring process was markedly different for 
austempered 10B37 rivets when compared to 10B37 rivets that had been quenched and tempered. The austempered 
rivets provided a significant increase in crosshead displacement when compared to quenched and tempered rivets. 
The different shapes of the curves for each rivet geometry are a result of the die penetrating the rivet through the 
reduced cross-section at the rivet tail and up into the full rivet shank thickness. The degree of hoop strain 
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accommodation was large enough that the 7.0 mm (0.276 in) diameter die fully penetrated the rivet bore for each 
geometry during the test procedure. Die penetration resulted in the tests being aborted before rivet fracture due to 
asymmetrical flaring occurring. A larger diameter 120° conical die was produced to accommodate the additional 
flaring capacity of the austempered rivets. Based upon the results from austempering of 10B37 and 4340 it was 
determined that the positive effects of austempering could have been provided by decarburization that had occurred 
during austenitization in the salt-pot furnaces. Intentional decarburization was performed in subsequent tests to 
separate the effects of an austempered bulk microstructure and decarburized surface. 
 
5.4 10B37 Decarburized Rivet Flaring 
The following sections will discuss the results from flaring trials performed on 10B37 decarburized rivets 
in regards to the flaring performance, fracture initiation and application of the Cockroft and Latham criterion. 
 
5.4.1 10B37 Decarburized Rivet Flaring Performance 
Intentional decarburization of rivets was performed due to the large differences in flaring behavior between 
10B37 and 4340 rivets with approximately equivalent microstructures after austempering in an effort to isolate the 
effects of austempering and decarburization from heat-treatments performed using salt-pot furnaces. The results 
from decarburization heat-treatments are described in Section 4.2.4 while the flaring results are shown in 
Section 4.3.5. As decarburization time increases, the hoop strain to failure increases significantly for both of the 
rivet geometries under investigation. Rivets that had been decarburized for 90 minutes showed reduced column 
strength and no further gains in hoop strain to failure when compared to rivets that had been decarburized for 60 
minutes. The reduction in column strength after 90 minutes of decarburization may be due to a continued reduction 
in carbon content near the surface. Although the ferrite surface layer was similar between 10B37 rivets decarburized 
for 60 and 90 minutes, the carbon content of the underlying martensite may have been reduced to the point where 
the yield strength was affected and the column strength during flaring was reduced. The differences between the 20 
and 60 minute sample show that the decarburized surface can be optimized based upon the hoop strain requirements 
for a specific joining scenario while retaining as much column strength as possible. The ability to optimize hoop 
strain and column strength based upon decarburization depth may allow rivets to be specified by flaring capacity as 
opposed to the current commercial specifications based upon hardness level. 
The increase in hoop strain to failure can be quantified based upon the DIC data collected during flaring 
experiments of 10B37 rivets of each geometry under investigation presented in Section 4.3.7. Decarburization can 
increase the hoop strain over 2x after 20 minutes of decarburization. No appreciable decrease in column strength 
was observed for the 1.25 mm (0.049 in) shank thickness rivets based upon the curves in Figure 4.42 that show 
equivalent rates of hoop (εz) and axial (εy) strain evolution between the decarburized and non-decarburized rivets. 
The flaring performance is further increased when comparing the 1.00 mm (0.039 in) shank thickness rivets that had 
been decarburized for 60 minutes to rivets that had not been decarburized, where the hoop strain to failure increases 
over 4x. The column strength was reduced after 60 minutes of decarburization due to the thinner shank cross-section 
and increased ferrite surface layer thickness, leading to a higher degree of axial strain as a function of hoop strain 
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when the strain evolution was compared for each heat-treatment. However, for the commonization case study 
column strength is not as much of a concern as flaring capability. The sheets to be joined have a much lower 
hardness than the rivets and the hoop strain demands are much higher due to the large degree of flaring that is 
necessary for the rivet to achieve the target head-height with the increased rivet length. 
 
5.4.2 10B37 Decarburized Rivet Fracture Behavior 
Photographs of fractured rivets in the quenched and tempered condition along with fractured decarburized 
rivets are shown in Figures 4.32 and 4.33 for the 1.25 mm (0.049 in) and 1.00 mm (0.039 in) shank thickness rivets, 
respectively. The rivets that had been intentionally decarburized are able to accommodate a much higher degree of 
hoop strain prior to fracturing and form a single, large fracture that propagates up the shank of the rivet to the rivet 
head. The differences in fracture behavior may be a result of the fractures in the decarburized rivets initiating below 
the surface in the bulk martensite as opposed to being surface initiated as was observed in the rivets that had not 
been decarburized. The strain during flaring is highest at the surface of the outer circumference of the rivet tail with 
a gradient that proceeds into the rivet. As a result of the strain gradient and the additional ductility of the ferrite at 
the surface of the rivet, a higher degree of hoop strain is required to initiate fractures below the surface within the 
bulk martensite where voids begin to form and coalesce to initiate a fracture through the entire shank of the rivet as 
opposed to small fractures occurring at the surface. Additionally, rivets that had not been decarburized showed 
multiple fractures around the circumference of the rivet tail that formed simultaneously compared to the single 
fracture that formed in the decarburized rivets. The cause of a single fracture versus multiple fractures may be a 
result of the strain localization at multiple points around the rivet circumference during flaring of decarburized rivets 
leading to a single fracture at a point where a defect exists within the subsurface martensite or slight misalignment 
during the flaring process as the localized deformation begins to form around the rivet tail. 
The potential for subsurface fractures can be reinforced based upon the fracture surfaces from decarburized 
failed rivets shown in Figures 4.77a and 4.77b. The fractures appear to show shear lips that surround the fracture 
surface from the rivet tail to the interior and exterior of the rivet shank. Radial lines are also observed from the 
center of the rivet shank to the interior and exterior surface of the rivet approximately perpendicular to the surface. 
The radial lines and shear lips indicate that the fractures initiated along the centerline of the rivet shank and 
propagated outward to the surface of the rivet. The fracture initiation and propagation mode may account for the 
decarburized rivets forming a single large fracture propagating up the entirety of the rivet shank as opposed to 
multiple fractures around the circumference of the rivet tail as was observed in the rivets that had not been 
decarburized. 
The transfer from surface initiated failures to subsurface fractures after decarburization can also be 
observed through the finite element simulations defined in Section 4.6. The location and distribution of the 
maximum principal stresses throughout the rivet varied when comparing the decarburized rivets to rivets that had 
not been decarburized. Non-decarburized rivets showed the maximum principal stress occurring at the tail of the 
rivet where fractures initiated during riveting and flaring trials. Rivets that had been decarburized showed a 
transition of the maximum principal stress from the tail of the rivet to the outer surface of the rivet shank for both of 
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the rivet geometries under investigation. Decarburized rivets showed negative values of the maximum principal 
stress approximately halfway up the rivet shank while non-decarburized rivets showed negative values at the point 
of die contact on the interior of the rivet tail. The maximum values of effective strain during flaring also occurred at 
the point of die contact for both the decarburized and non-decarburized rivets. The Cockroft and Latham criterion 
predicts the occurrence of failures at locations with high values of maximum principal stress and effective strain. As 
the location of the maximum principal stress varies while the location of maximum effective strain remains constant 
at the area of die contact, the region of the rivet that shows high values for both metrics shifts from the tail of the 
rivet to the center of the rivet shank after being decarburized. Figures 4.76a and 4.76b show the location of fracture 
prediction when the Cockroft and Latham criterion is applied to decarburized rivets and appears to coincide with the 
initiation points defined during fractography. 
 
5.5 10B37 Mechanical Property and Rivet Flaring Correlation 
Comparing the results from the flaring experiments to those obtained from tensile testing experiments of 
10B37 wire tempered to the same range of hardness levels, shown in Figure 4.19, it appears as though the major 
mechanical properties defined during tensile testing are not a strong indicator of rivet flaring capability. Ultimate 
tensile strength and yield strength decreased with tempering temperature along with maximum force applied during 
the rivet flaring experiments. However, the total elongation of the 10B37 tensile specimens was constant at 
approximately 12 pct across all of the tempering conditions tested. Although the hoop strain that results in the 
riveting fractures is tensile in nature, the differences noted between tensile testing and rivet flaring indicate that 
tensile elongation may not be the best indicator of riveting performance. The differences between the two testing 
methods, uniaxial tension and rivet flaring, may arise due to the fracture behavior differing between the two tests. 
During uniaxial tensile testing, the fractures nucleate in the center of the specimen where the degree of triaxiality is 
the highest while in rivet flaring experiments, the fractures nucleate at the surface of the rivet and propagate up the 
rivet shank in a mode I crack opening manner. Along with the location and mode of fracture formation, the 
quenched and tempered rivets that had been flared to failure did not appear to have any strain localization around the 
sites where fractures formed. The absence of strain localization, compared to what is observed in a tensile test of the 
same conditions, could account for the discrepancies when comparing total elongation to rivet flaring performance. 
Since the total elongation did not appear to correlate with rivet flaring performance, additional examination 
of tensile behavior was performed to define correlations between the two testing methods. Work completed to 
compare hole-expansion ratio to tensile properties has shown correlations between yield strength/UTS and post 
uniform elongation [59, 60]. The yield strength/UTS ratio and post uniform elongation were calculated for 10B37 
wire and did show similar trends to those noted during rivet flaring experiments for each of the rivet geometries 
investigated. A summary of yield strength/ UTS ratio and post uniform elongation with diametral strain to failure 
during flaring using the 4.763 mm (0.1875 in) ball bearing are shown in Table 5.1 for 10B37 rivets tempered at 200, 
250 and 300 °C for 30 minutes. 
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Table 5.1 –Yield Strength/UTS ratio and Post Uniform Elongation Compared to Diametral Strain at failure during 
Flaring with a 4.763 mm (0.1875 in) ball bearing 
 




1.00 mm   /   1.25 mm 
Q&T: 200 °C 30 min 0.76 7.1 0.073   /   0.058 
Q&T: 250 °C 30 min 0.80 7.4 0.103   /   0.070    
Q&T: 300 °C 30 min 0.87 8.1 0.127   /   0.082    
 
Vickers hardness testing was performed on the rivets that were flared and also provided an indication of 
flaring performance. As seen in Figures 4.20, 4.22 and Table 4.3, rivets with a lower hardness showed a reduction in 
the maximum applied force during flaring while the hoop strain to failure increased. Based upon the consistent 
variation in both maximum applied force and hoop strain to failure as hardness is reduced, bulk rivet hardness may 
serve as a valid metric to define flaring performance. M.D. Taylor suggested that hardness would be a valid metric 
to estimate strength of a material in instances where fractures were both localized (hole expansion) and global 
(tensile) [61]. The correlation between rivet flaring capabilities and hardness further reinforces the suggestion, as 
hardness is a better indicator of rivet flaring performance than uniform elongation determined during a tensile test. 
 
5.6 10B37 Joining Attempts 
 The following sections will discuss the results obtained from joining attempts of the two case studies under 
investigation using 10B37 rivets that have been quenched and tempered along with rivets that had been intentionally 
decarburized. 
 
5.6.1 Press Hardened Steel to Al6111 
The results from joining experiments of 10B37 rivets are shown in Section 4.3.8. The cross-section 
photographs indicated that the non-decarburized and decarburized rivets showed successful joining where the rivet 
did not appear to buckle while also providing interlock distances beyond the minimum specification for automotive 
use. However, extracted rivets showed fractures in the non-decarburized rivets that were not present in the rivets that 
had been decarburized for 20 minutes. The decarburization treatment did reduce the column strength of the rivets 
causing a slight increase in the average shank thickness after joining but not to the point where buckling of the rivets 
became an issue. Based upon the absence of buckling and tail fractures along with sufficient interlock distances, the 
decarburized 10B37 rivets provided successful joining of PHS and Al6111. Due to the relatively low hoop strain 
demands during joining of PHS and Al6111 when compared to the commonization case study, further optimization 
of the ferrite surface layer thickness may be possible to provide increased column strength to reduce the shank 
thickening while continuing to avoid the development of fractures at the rivet tail. 
 
5.6.2 Commonization 
As seen in the PHS to Al6111 case study, the integration of a decarburized surface layer was able to 
improve the joining performance for each of the three alloys under investigation. The results translated to the 
  91 
commonization case study where the degree of hoop strain the rivet must accommodate is much higher due to the 
increased amount of flaring required to achieve the target head height and not perforate the bottom sheet. The rivets 
that had not been decarburized showed asymmetrical flaring in the cross-section photos, which is indicative of rivet 
tail fractures that developed during joining. The tail fractures that developed in non-decarburized rivets can be 
clearly seen in the bottom view photographs of the rivets after extraction where multiple large fractures propagated 
up the shank of the rivet to the head. No fractures were observed after 60 minutes of decarburization along with 
symmetrical flaring and a high degree of interlock. When comparing the rivet cross-section in Figure 4.45b to the 
initial joint in Figure 4.2a, the decarburized commonization rivet provides a much higher degree of interlock. The 
increased interlock distance indicates a higher strength joint and the potential to utilize a lower number of rivets in a 
joining location to achieve the required strength. The ability to reduce the number of unique rivets allows a 
reduction in the number of rivet guns and robotic arms that could lead to a reduction in both manufacturing cost and 
time. The decarburization process provides many instances of significant improvements to the SPR process for 
automotive manufacturing: an increase in the versatility of the riveting process to enable new joints and reduce 
complexity, an increase in joint strength to allow a reduction in the use of consumables and better crash 
performance, as well as reduced processing cost due to the potential reduction in the number of rivet guns required 
for vehicle assembly. Cost savings may also occur during the production of the rivets as an inert atmosphere would 
not be required during the austenitization process, as is currently employed. 
 
5.7 4340 Rivet Flaring Joining Attempts 
 The following sections will discuss the results obtained during flaring and joining experiments performed 
on 4340 rivets that had been quenched and tempered, austempered and intentionally decarburized. 
 
5.7.1 4340 Quench and Temper Rivet Flaring 
Flaring results from 4340 quenched and tempered rivets are described in Section 4.4.2. The 4340 rivets 
tempered at 250 °C for 30 minutes showed approximately equivalent crosshead displacement to failure as 10B37 
rivets with an equivalent tempering treatment but with higher maximum applied load. The fractures that developed 
during flaring of 4340 rivets were similar to those observed with 10B37 rivets aside from rivets tempered at 200 °C 
for 30 minutes which had multiple fractures propagate the entire length of the rivet shank and portions of the rivet 
separate from the rivet head completely. The more catastrophic types of fractures were noted for all of the alloys 
investigated in this study and seemed to occur randomly. The catastrophic failures that caused single large fractures 
or portions of the rivet shank separating from the head may be related to longitudinal defects (manganese sulfide 
stringers) along the length of the rivet shank that may occur during the cold forging operation. Rivets produced from 
4340 may be a viable alternative to 10B37 rivets in applications that require a high degree of column strength due to 





5.7.2 4340 Austempered Rivet Flaring 
 The microstructures for austempered 4340 rivets are shown in Figures 4.13a and 4.13b. The flaring curves 
for 4340 rivets that were austempered at 320 °C for 2 and 4 minutes followed by tempering at 250 °C for 30 minutes 
are shown in Figure 4.51. The austempered rivets showed slight performance improvements when compared to 4340 
rivets that had been quenched and tempered at 250 °C for 30 minutes but were within the region of variation 
experienced during the flaring test. Scanning electron micrographs of fractured 4340 rivets produced through 
quenching and tempering and austempering are shown in Figure 4.52 a and 4.52b. There were differences noted in 
terms of fracture appearance where the rivets that had been quenched and tempered showed many small fractures 
distributed around the circumference of the rivet tail with surface fractures on the chamfer of the rivet while the 
austempered rivets showed a lower number of larger fractures around the rivet tail circumference with no evidence 
of surface fractures on the rivet chamfer. The difference in fracture appearance may be a result of the higher 
toughness provided by the integration of lower bainite resulting in a finer martensite packet size as the lower bainite 
segments the austenite grains during the austempering process leading to a refined martensite structure after the 
subsequent transformation as postulated by Tomita [41]. The positive effects of austempering could also be related 
to the decarburization that occurred during heat-treatment in the salt-pot furnaces as the rivets were not protected 
from direct contact with the molten salt. 
 
5.7.3 4340 Decarburized Rivet Flaring 
Decarburization was also performed on 1.00 mm (0.039 in) shank thickness 4340 rivets with a much less 
pronounced effect at longer times than was noted in the 10B37 rivets of the same geometry. Optical micrographs of 
the surface condition of 4340 rivets that had been decarburized for 90 and 240 minutes are shown in Figures 4.16a 
and 4.16b. It appears as though the 4340 rivets were not able to develop additional ferrite at the surface even after 
240 minutes of decarburization due to the increased hardenability of 4340. After 90 minutes there is evidence of 
intergranular oxidation that had occurred during austenitization, which led to surface pitting in the rivets that had 
been austenitized for 240 minutes. 
The differences in surface microstructure between 10B37 and 4340 may account for the different behavior 
during flaring experiments. Flaring curves for 4340 rivets that had been decarburized for 90-240 minutes are shown 
in Figure 4.53. Although decarburization did provide a benefit when compared to 4340 rivets that had been 
quenched and tempered with no decarburization, the effects are much less pronounced than those noted with 10B37. 
The differences in flaring performance may be due to the inability of 4340 to achieve a surface layer of ferrite 
during the austenitization process as a result of the increased hardenability provided by substitutional alloying 
elements as opposed to the interstitial carbon and boron that provide hardenability to 10B37. The 4340 rivets 
contained an intermediate amount of carbon when compared to 10B37 and 5160 and was unable to form ferrite even 
after 2-4 times the decarburization time, indicating that the ferrite was not formed during an intercritical process. In 
addition, the intergranular oxidation may affect the surface by producing notches and reducing the toughness of the 
4340 rivets. A fractured 4340 rivet that had been decarburized for 90 minutes is shown in Figure 4.54b along with a 
fractured 4340 rivet that had not been decarburized in 4.54a. The hoop strain to failure increased for the rivet that 
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had been decarburized when compared to the non-decarburized rivet. The fractures that formed in decarburized 
4340 rivets were similar to those noted in 10B37 rivets that had been decarburized with a single large fracture 
propagating up the shank of the rivet. However, the fractures formed at much lower degrees of hoop strain when 
compared to 10B37 rivets that had been decarburized. The fractures appeared to form at the surface of the rivet and 
the increase in flaring performance may be attributed to the loss of carbon and subsequent reduction in hardness that 
had occurred during decarburization. 
Based upon the surface microstructure of the 4340 rivets that had been decarburized and the performance 
during flaring tests it appears as though decarburization does provide a benefit but that the significant performance 
increase noted in 10B37 rivets can be attributed to the decarburization induced loss of hardenability at the surface of 
the rivet. A loss of hardenability due to decarburization promoted the formation of a surface layer of ferrite that was 
consistent in thickness due to the carbon concentration gradient and promoted ductility at the surface of the rivet 
where fracture initiation was observed during riveting and flaring experiments. In addition, intergranular oxidation 
was the most pronounced in the 4340 rivets that had been decarburized for at least 90 minutes. The intergranular 
oxidation may lead to reduced fracture toughness at the surface due to the oxidation present at prior austenite grain 
boundaries as well as the oxidation at the surface of the rivet serving as notches that act as stress concentrators. 
 
5.7.4 4340 Joining Attempts: PHS to Al6111 
Joining results using 4340 rivets that had been decarburized showed similar positive effects as 10B37 when 
the rivets were decarburized and are described in Section 4.4.5. The results are very similar to those obtained when 
using 10B37 rivets where the rivets that had not been decarburized were able to produce cross-sections with no 
buckling or visible fractures but rivet tail fractures were detected upon extraction. The fractures were avoided after 
decarburization was applied while also retaining sufficient column strength to pierce the PHS without buckling. The 
4340 rivets that had been decarburized did show higher shank thicknesses than the non-decarburized rivets but were 
approximately equal to those obtained with 10B37 rivets that had not been decarburized as seen in Table 4.6. As 
with 10B37 rivets, further optimization may be performed using 4340 rivets to determine the optimal degree of 
decarburization where as much column strength as possible can be retained while also promoting surface ductility to 
avoid the formation of tail fractures. Rivets produced from 4340 may be an alternative to 10B37 rivets in future 
cases where high column strength and hardness are required to pierce harder sheet material than the PHS currently 
under investigation. 
 
5.7.5 4340 Joining Attempts: Commonization 
The results from the commonization joining experiments are shown in Section 4.4.6. The trends were 
similar to those observed in 10B37 rivets where rivets that had not been decarburized showed large fractures 
propagating up the shank of the rivet and were evident in both cross-sections and extracted rivets. The cross-section 
photographs of decarburized rivets indicate successful joining with symmetrical rivet flaring and a high degree of 
interlock. However, upon extraction, small fractures were noted in the rivet tail in 4340 decarburized rivets. The 
4340 rivets were unable to achieve a surface layer of ferrite, which resulted in a reduction in crosshead displacement 
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to failure during flaring tests when compared to 10B37 and 5160. The trends noted during flaring translated through 
to the joining trials where the 4340 rivets showed a reduction in the degree of hoop strain that could be 
accommodated without fractures and led to the fractures observed during joining attempts. 
 
5.8 5160 Rivet Flaring and Joining Attempts 
 The following sections will discuss the results obtained during flaring and joining experiments performed 
on 5160 rivets that had been quenched and tempered and intentionally decarburized. 
 
5.8.1 5160 Quench and Temper Rivet Flaring 
The results from rivet flaring with 5160 quenched and tempered rivets are described in Section 4.4.7. 5160 
rivets tempered to the hardness level specified for automotive use showed brittle fracture with a sharp load drop and 
portions of the rivet shank being separated from the rivet head. As the tempering temperature was increased, the 
ductility was improved but both the maximum applied force and crosshead displacement to failure were reduced 
significantly when compared to 10B37 rivets. The poor performance of 5160 rivets during flaring indicates the alloy 
is not applicable to the SPR process after being heat-treated through a quenching and tempering process as there is a 
high potential for quench embrittlement at the hardness levels required to pierce hard sheet material, such as PHS.  
 
5.8.2 5160 Decarburized Rivet Flaring 
Optical micrographs of the surface microstructure of 5160 rivets that had been decarburized for 60 and 
120 minutes are shown in Figures 4.17a and 4.17b, respectively. Due to the increased carbon content of 5160 when 
compared to 10B37, longer time periods of decarburization were necessary to reduce the hardenability at the surface 
and promote the formation of ferrite. The flaring curves for 5160 rivets that had been decarburized for 90-240 
minutes followed by tempering at 350 °C for 30 minutes are shown in Figure 4.61. The decarburization process of 
the 5160 rivets resulted in the most dramatic differences among the alloys investigated as the rivets that had been 
quenched and tempered at 350 °C for 30 minutes showed brittle failure (Figure 4.62a) with a maximum applied 
force of less than 10,000 N and no appreciable ductility. The rivets that had been decarburized for 120 minutes and 
tempered at 350 °C for 30 minutes contained the same bulk microstructure as the rivets that had failed in a brittle 
manner but provided approximately equal performance in terms of maximum applied force and hoop strain to failure 
as 10B37 rivets that had been decarburized for 60 minutes (Figure 4.62b). The behavior of the 5160 rivets with no 
decarburization and those that had been decarburized for 120 minutes provide further indication that the surface 
microstructure of the rivet is the most important aspect in terms of flaring capability as the crosshead displacement 
to failure was increased over 10x after the decarburization was applied and a ferrite surface layer was achieved. The 
results from the 5160 flaring experiments utilizing decarburized rivets provide insight into potential further 
development of rivets that can pierce hard sheet material, such as PHS. Integration of a high carbon rivet, such as 
5160, that is able to achieve hardness values in excess of 600 HV would promote the high degree of column strength 
that is required to pierce hard materials. Utilization of a high hardness rivet that had been intentionally decarburized 
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to improve the flaring performance may provide solutions to high hardness materials to be joined during future 
vehicle design and production. 
 
5.8.3 5160 Joining Attempts: PHS to Al6111 
The results from joining attempts using machined 5160 rivets that had been decarburized for 120 minutes 
and tempered at 350 °C for 30 minutes show positive results but are not directly comparable to those obtained from 
10B37 and 4340 due to differences in the rivet cross-sections as a result of the machining process. The machining 
process resulted in a thinner web and longer shank for the 5160 rivets when compared to 10B37 and 4340 rivets that 
had been cold forged. The thinner web and longer shank may have had an impact on the riveting process where the 
5160 rivets were observed to buckle slightly in the cross-section shown in Figure 4.63a. The 5160 rivets were able to 
avoid tail fractures (Figure 4.63b) but resulted in the lowest interlock distance and highest degree of shank 
thickening of all rivets evaluated (Table 4.6). These results indicate the ferrite surface layer was thicker than 
necessary and may be reduced to increase the column strength to promote higher interlock and reduced shank 
thickening while also avoiding rivet fractures if any additional riveting trials were to be conducted. The applicability 
of 5160 for this specific case is limited, not by the performance of the rivet during joining, but by the inability to 
cold forge the 5160 into the required geometry without damaging of tooling. Modifications to the spheroidizing 
process to further reduce the hardness prior to cold forging may alleviate the issues. Modifications to the cold 
forging process to operate at reduced loads with the addition of more forging steps may allow 5160 rivets to be 
forged successfully. Additionally, intermittent annealing during the forging process may allow more complex 
geometries to be formed. Rivets produced from 5160 that have been decarburized may be an alternative to 10B37 in 
cases where high hardness and column strength are desirable if the cold-forging issues were investigated and 
solutions were developed to allow successful forging on an industrial scale. 
 
5.8.4 5160 Joining Attempts: Commonization 
 The 5160 rivets showed the same type of increase in flaring behavior noted during the flaring tests and 
were able to provide successful joining of the commonization case study. The cross-section photographs from 
joining experiments are shown in Figures 4.64a and 4.64b along with bottom views of extracted rivets in Figures 
4.65a and 4.65b. Flaring experiments indicated similar performance in terms of column strength and hoop strain to 
failure between 10B37 and 5160 rivets, and these trends were also observed during joining attempts using 5160 
rivets that had been decarburized. As in the flaring trials, the rivets that had not been decarburized showed brittle 
failure where portions of the rivet were completely separated from the rivet head while the decarburized rivets were 
able to accommodate the required degree of hoop strain to achieve the target head height without the formation of 
fractures at the rivet tail. The 5160 rivets showed the highest interlock distance of all the rivets evaluated (Table 
4.7), which caused the bottom aluminum sheet to form fractures. The interlock distance may be reduced through a 
reduction in the decarburized surface layer thickness or an increase in bulk hardness to provide increased column 
strength and reduce the degree of flaring in an effort to avoid the sheet metal fractures. Additionally, one of the two 
extracted decarburized rivets showed a large fracture, which may indicate the underlying brittle microstructure has 
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an influence on the flaring performance of 5160 rivets. Although the 5160 rivets were able to successfully join the 
commonization joint stack, they showed the highest variability in regards to rivet and sheet metal failures so further 
optimization would need to be performed if this alloy and heat-treatment combination was to be utilized for vehicle 
production. The variability produced within the 5160 rivets may be due to the brittle subsurface microstructure along 
with the banding that was noted during microscopy of the as-quenched rivets producing regions of the rivet that are 
susceptible to quench embrittlement. 
 
5.9 Austempered Rivet Flaring: Summary 
As the 4340 and 10B37 austempered rivets showed approximately equivalent bulk microstructures after 
being austempered, the differences in flaring performance were attributed to the decarburization that had occurred 
during heat-treatment and the increased hardenability of 4340 when compared to 10B37. 
As molten salt remains at a high temperature and is exposed to the open atmosphere, the barium chloride 
and sodium chloride within the salt-pot can oxidize and increase the concentration of oxygen within the salt-pot to a 
degree that decarburization will occur during austenitization [62]. Salt pot furnaces can be rectified through the 
addition of carbon via a graphite rod or carbon containing gas to reduce the oxygen concentration and prevent 
decarburization during heat-treatment. The rectification process is not routinely performed and the salts are left at 
temperature while being exposed to the open atmosphere and having air bubbles introduced to the molten salt when 
samples are inserted, resulting in oxygen pickup and decarburization occurring during the heat-treatment process.  
 
5.10 Decarburized Rivet Flaring: Summary 
The conclusions drawn from the flaring trials and examination of the surface microstructures are further 
reinforced by the Vickers hardness data presented in Figure 4.18. The trends between all three alloys are very 
similar in that the surface hardness values of the decarburized samples were reduced by 200-250 HV when 
compared to the non-decarburized rivets with similar decarburization depths. Although the surface hardness was 
approximately equivalent, the flaring capability of 4340 decarburized rivets differed significantly from 10B37 and 
5160 rivets that had been decarburized. The difference in flaring capability with similar surface hardness indicates 
that the formation of ferrite at the surface of the rivets is a significant factor in regards to the improvement of the 
flaring performance through decarburization. The ductile, low carbon ferrite is able to strain to a much higher degree 
without nucleation of surface fractures than the martensitic microstructure of the 4340 rivets. Additionally, the 
intergranular oxidation noted in the 4340 rivets may contribute to the nucleation and propagation of fractures at the 
rivet tail due to the oxidized surface features acting as notches and low toughness at prior austenite grain boundaries 
where the oxidation occurred to the highest degree. Fractures in 4340 rivets that had been decarburized appeared to 
nucleate at the surface of the rivet tail in a similar manner to non-decarburized rivets. 
The differences in alloying between 10B37, 4340 and 5160 account for the increased hardenability of 4340 
and the inability of the decarburized 4340 rivets to achieve a consistent surface layer of ferrite after quenching into 
oil. Intergranular oxidation of alloying elements that provide hardenability has been shown to occur during gas 
carburizing of steel to the point where non-martensitic transformation products form during quenching [63, 64]. The 
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substitutional alloying elements that provide hardenability that are shown in Figure 2.9 have varying oxidation 
potential at 860 °C based upon an Ellingham diagram. An Ellingham diagram with the alloying elements that 
promote hardenability in the alloys under investigation is shown in Figure 5.3. Si, Mn and Cr are present in 10B37, 
4340 and 5160 in differing qualities (Table 3.1). Si, Mn and Cr are all more likely to form oxides when compared to 
the oxidation potential of carbon on an Ellingham diagram if the atoms are able to diffuse to the surface where the 
oxygen is present or if oxygen is able to diffuse into the steel to react with the alloying elements. The oxidation of 
alloying elements due to oxygen diffusion is the most likely cause of the intergranular oxidation that was noted in 
the 4340 rivets that had been decarburized for over 90 minutes. The low concentration of Si and Cr in 10B37 could 
account for the lack of intergranular oxidation that was observed during decarburization and the shortest time 
periods to allow the formation of ferrite. The 5160 did show evidence of intergranular oxidation after SEM analysis 
but not to the extent observed with 4340. However, since 4340 was able to retain hardenability up to the surface 
with no visible formation of ferrite, a portion of the alloying elements that provide hardenability must have been 
retained during even the longest periods of decarburization when compared to the 5160. The differences in oxidation 
potential of Ni and Mo may account for the ability of 4340 rivets to retain high enough hardenability to allow the 
formation of martensite up to the surface during an oil quench compared to the 10B37 and 5160 rivets that had a loss 
of hardenability at the surface that resulted in the formation of a ferrite surface layer. The loss of carbon from the 
surface may explain a similar reduction in surface hardness values between the martensitic 4340 and ferritic 10B37 
and 5160 after decarburization was performed. 
 
 
Figure 5.3 Ellingham diagram demonstrating the free energy of formation as a function of temperature of 
substitutional and interstitial elements that promote hardenability in the steel alloys under 
investigation. The red vertical line denotes 1133.15 K (860 °C). The only elements that are less 
likely to oxidize than carbon at 1133.15 K (860 °C) are Nickel and Molybdenum. 
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5.11 Flaring and Riveting Similarities and Differences 
 The trends shown by 4340 and 10B37 rivets in regards to flaring tests and joining experiments provide 
evidence that the flaring procedure using the 120° conical die is representative of the riveting process and can be 
used to draw generalizations of rivet performance and the effects of alternative alloys and microstructures. Although 
the trends between the flaring tests and riveting were similar, differences can be noted between the flared rivets and 
those used in riveting trials. 
The failures that occurred during riveting of the PHS using rivets that had not been decarburized resulted in 
a higher number of fractures than was developed during the flaring tests. The differences between fracture size, 
number and distribution between the flaring tests and riveting trials may be a result of the stress environment being 
different at the rivet tail. During joining, the sheet material provides constraint to the entire volume of the rivet that 
is flaring into the bottom sheet which may result in less crack propagation and lead to the formation of a higher 
number of smaller fractures. The additional force required to propagate a large fracture and displace a larger amount 
of the sheet material to accommodate the fracture may influence the difference in fracture appearance between 
flaring and riveting. During the flaring operation, there is no sheet material and the rivets are flared with an 
unconstrained surface that allows the fractures to propagate freely once initiated.  
 During joining attempts of the commonization joint stack, the velocity of the punch that performs the 
riveting procedure was set to achieve the required head height. The rivets had hardness values that were on the upper 
limit of the H6 hardness range, suggesting a lack of ductility. The lack of ductility combined with a high degree of 
strain imparted during the joining procedure resulted in the large fractures that formed in the rivets during joining 
compared to the smaller fractures that occurred during the flaring attempts. The flaring attempts were stopped once a 
load drop occurred and the fractures formed, leading to the development of multiple small fractures at the rivet tail. 
If the flaring test were continued to run to higher degrees of crosshead displacement, the failures would be more 
consistent with those observed during riveting.  
The fractures that developed during flaring of 10B37 decarburized rivets were not replicated as a result of 
the additional strain accommodation provided by the ferrite surface layer providing sufficient flaring performance to 
join the material without fracturing. Despite the rivets not fracturing in each surface condition, similarities can be 
seen between the two testing methods. Strain localization developed at multiple points around the rivet tail in the 
10B37 decarburized rivets used for the commonization joining attempts. Figure 4.46b appears to show a small area 
of post uniform elongation with a rivet that was used during joining attempts. The difference in the magnitude of 
strain localization between flaring tests and joining trials indicates the degree of flaring during joining was less than 
the maximum that was determined through the flaring tests for 10B37 decarburized rivets. The results from 10B37 
rivets and 4340 rivets during commonization joining attempts indicate the strain demands during the joining test 
were larger than what was available for the 4340 rivets but not high enough to promote fractures with 10B37 rivets. 
The behavior of the rivets during flaring and joining indicates the potential to optimize the ferrite surface 
layer thickness based upon a specific joining application. If finite element modeling was performed to define the 
degree of flaring required during joining, the flaring test could be referenced to define a specific decarburization 
time to allow the accommodation of the required strain while also providing as much column strength as possible to 
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allow piercing of a variety of materials. A degree of optimization was performed to allow successful joining of the 
PHS and Al6111 case study. Initially, rivets that had been decarburized for 60 minutes were utilized due to the high 
degree of flaring performance. After riveting, the decarburized rivets showed slight buckling and significant 
thickening of the rivet shank. It was determined that the strain demands during joining of PHS were much less than 
those required for the commonization case study. As a result, subsequent joining trials of PHS were conducted with 
rivets that had been decarburized for 20 minutes instead of 60, leading to a thinner ferrite surface layer and a higher 
cross-sectional area of martensite. The rivets had a higher degree of column strength while still retaining the ability 
to flare beyond conventionally process rivets. The rivets decarburized for 20 minutes provided a successful joint 
with reduced shank thickening, higher interlock and no evidence of buckling when compared to the rivets that had 
been decarburized for 60 minutes. 
Currently in industry, rivets are produced with a range of hardness levels based upon the piercing and 
flaring requirements for a specific joint stack. Future joining efforts may employ 10B37 rivets with a high degree of 
column strength from low temperature tempering with hardness values approaching 600 HV and modifying the 
decarburization time and resultant ferrite surface layer to achieve the required degree of flaring. 
 
5.12 Finite Element and Failure Criteria Evaluation 
The simulations were calibrated by comparing the axial strain (εy) as a function of hoop strain (εz) 
generated during DIC analysis of the rivet flaring process to equivalent measurements extracted from finite element 
simulations. The strain evolutions for DIC measurements and simulations are shown in Figure 4.66 and show good 
agreement between each rivet geometry and heat-treatment with the largest deviations occurring in the a 1.00 mm 
(0.039 in) shank thickness rivets that had been decarburized. The initial portion of the simulations is comparable up 
to approximately 30 pct hoop strain (εz) after which the deviation between the simulation and DIC data begins to 
grow. The deviations are thought to occur due to the inability of the 2D axisymmetric simulation to accurately 
model the necking that was observed in fractured rivets and DIC analysis. The simulation was unable to account for 
strain localization while the DIC was able to capture the localized regions. The hoop strain (εz) is inflated in the DIC 
data as a result, leading to a higher degree of hoop strain (εz) at a given axial strain (εy) and with deviation growing 
as the strain increases. 
The maximum principal stress values calculated from finite element simulations were similar in magnitude 
and distribution to the stresses calculated in the z direction, σzz, at the location of fracture nucleation when the rivets 
were flared to the point of failure. The orientation of the z direction (into and out of the page) indicates a high degree 
of tension around the circumference of the rivet, as would be expected based upon the hypothesis that a hoop strain 
and resultant stress develop during flaring. Figure 5.4a shows the maximum principal stress and Figure 5.4b shows 
the σzz during flaring for the 1.00 mm (0.039 in) shank thickness rivet that had not been decarburized before being 
flared over the 120° conical die. The orientation of the σzz and the affiliated maximum principal stress corresponds 
with the fractures that were noted in flared and extracted rivets where the fractures formed on the surface of the 
outer circumference of the rivet tail and propagated into the shank of the rivet via a mode I mechanism at multiple 
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locations during the flaring process. The trends in regards to maximum principal stress and σzz were similar across 
all of the rivet geometries, strain paths and heat-treatments evaluated during simulations. 
The maximum value of effective strain determined through finite element simulations occurs at the die 
contact area on the interior of the rivet shank and is consistent across each rivet geometry and heat-treatment that 
was simulated. The maximum values of effective strain are a result of the die contact causing the highest degree of 
deformation as the rivet slides over the die in compression. The distribution of effective strain is similar to that of 
the strain calculated in the z direction, εzz. A comparison of the equivalent strain and εzz for flaring for the 1.00 mm 
(0.039 in) shank thickness rivet that had not been decarburized is shown in Figure 5.5a and 5.5b. The distribution of 
εzz is consistent with the formation of fractures that occur at the surface of the rivet and propagate up the rivet shank 
at the rivet tail where both the σzz and εzz show high values. The trends continued across all of the strain paths 
investigated during the simulations, indicating that the tensile stress and tensile strain evolved at the tail of the rivet 




Figure 5.4 Comparison of (a) maximum principal stress and (b) σzz in MPa for flaring of a 1.00 mm (0.039 
in) shank thickness rivet quenched and tempered at 200 °C for 30 minutes calculated from finite 
element simulations. The magnitudes and locations of the maximum values are similar and 
indicate fractures will form as a result of the hoop stress at the location where fractures were 
observed during flaring and joining experiments. 
 
Simulated flaring of non-decarburized rivets using the 4.763 mm (0.1875 in) and 12.7 mm (0.50 in) ball 
bearings follow the same trends as those noted for flaring using a 120° conical die described previously. The trends 
noted when comparing the maximum principal stress distribution in Figures 4.71b and 4.72b are similar where a 
negative value occurs at the die contact area with maximum values on the opposing exterior surface of the rivet 
shank. The effective strain shown in Figures 4.71c and 4.72c again shows a maximum occurring at the location of 
die contact on the interior of the rivet shank. Utilizing the same Cockroft and Latham fracture prediction procedure 
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for the ball bearing flaring simulations yields the predictions shown in Figures 4.74c and 4.74d for the 4.763 mm 
(0.1875 in) and 12.7 mm (0.50 in) diameter bearings, respectively. These predictions appear to be correct based 
upon the fractures in Figure 4.23a-d for the 4.763 mm (0.1875 in) diameter bearing and Figure 4.37a for the 




Figure 5.5 Comparison of (a) effective strain and (b) εzz for flaring of a 1.00 mm (0.039 in) shank thickness 
rivet quenched and tempered at 200 °C for 30 minutes calculated from finite element 
simulations. The maximum values occur at the tail of the rivet and indicate the highest degree of 
strain is concentrated into and out of the page, resulting in the formation of fractures that were 
observed during flaring and joining experiments. 
 
Although the Cockroft and Latham criterion was able to successfully predict the location of the rivet 
fractures based upon the maximum principal stress and effective strain, the magnitude of the values calculated by 
the application of the failure criterion differed from what was calculated based on tensile tests of 10B37 wire 
quenched and tempered at 200 °C for 30 minutes. A plot of maximum principal stress as a function of effective 
strain is shown in Figure 4.73 for 10B37 wire quenched and tempered at 200 °C for 30 minutes along with a 
Holloman equation to fit the experimental data and allow integration. The value of the Cockroft and Latham failure 
criterion for uniaxial tensile testing was determined to be 1559 MPa. When the values were calculated for the rivet 
flaring of non-decarburized 10B37 rivets, the values were 403 MPa for the 1.25 mm (0.049 in) shank thickness rivet 
and 469 MPa for the 1.00 mm (0.039 in) shank thickness rivet. The failure criterion was also applied to flaring 
experiments utilizing the ball bearings where the maximum values calculated at the surface for 1.00 mm (0.039 in) 
shank thickness rivets using the 4.763 mm (0.1875 in) ball bearing and 12.7 mm (0.50 in) ball bearing were 311 
MPa and 422 MPa, respectively. The magnitude of the Cockroft and Latham values was consistent, within 150 MPa 
for non-decarburized rivets for all of the strain paths evaluated. The values from rivet flaring are approximately 0.25 
of those determined from tensile testing. The deviations between the testing may result from the differences in 
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fracture nucleation between the bulk failures in the tensile test and the surface initiated failures during rivet flaring. 
The surface initiated fractures may require less energy to nucleate when compared to a full fracture of a tensile 
specimen due to the lack of strain localization during flaring. Removing the component of instability during tensile 
testing would lead to the formation of fractures at lower values. The reduction of Cockroft and Latham values when 
comparing surface initiated failures to bulk initiated failures has been observed when comparing the values 
calculated during tensile testing to those determined in compression testing and was determined to be caused by the 
lack of localization for the surface initiated fractures [65]. Additional deviation may result from the orientation of 
the wire drawing texture that is parallel to the tensile axis while the extrusion texture in the rivet shank is orthogonal 
to the hoop strain that occurs during flaring. Modification of the Cockroft and Latham values has been performed 
through the addition of a constant ahead of the integral to reduce the energy at failure calculated through tensile 
testing to yield accurate results when predicting the strain to fracture during hole-expansion testing and tube flaring 
tests [33, 66]. In a similar manner, a modifying constant could be included to account for the surface initiated 
failures that develop during rivet flaring to allow accurate predictions of strain to failure during riveting or rivet 
flaring based upon the Cockroft and Latham value calculated from a tensile test. The locations of failure prediction 
seem to be accurate based upon interrupted tests, failed rivets and the finite element simulations. 
The Cockroft and Latham values calculated for rivets that had been decarburized were much closer to those 
calculated through the uniaxial tensile testing of 10B37 wire with equivalent bulk microstructures. The Cockroft and 
Latham values for the 1.25 mm (0.049 in) and 1.00 mm (0.039 in) shank thickness rivets were 1323 MPa and 
1402 MPa, respectively. The values calculated for decarburized rivets differed between 10-15 pct from those 
calculated from tensile testing. The similarities may arise from what appears to be a bulk tensile fracture with strain 
localization that occurred in the decarburized rivets. Based upon the fracture surfaces in Figures 4.77a and 4.77b, it 
can be inferred that the rivet shank fractures in a manner very similar to what occurs during a tensile test. The 
fracture surfaces indicate ductile void nucleation and coalescence through the centerline of the rivet shank that grew 
up the rivet shank from the tail to the head and from the center to the interior and exterior surfaces, leading to an 
overload fracture occurring through the rivet shank at failure. The ability of the Cockroft and Latham criterion to 
correctly predict the location of fracture initiation within the bulk of the rivet shank as well as the strain to failure 
indicates that it may be a valid criterion to utilize during future riveting simulations to predict fractures in 
decarburized rivets. The ability for the Cockroft and Latham failure criterion to successfully predict the location and 
degree of strain to failure between two different rivet geometries indicates the criterion could potentially be applied 
to multiple joining scenarios to aid in future joint development. 
Simplified failure criteria, the maximum principal stress and maximum principal strain, were also evaluated 
and were less indicative of the failures that were observed during flaring trials. Figures 5.6a and 5.6b show the 
maximum principal stress distribution of the 1.00 mm (0.039 in) shank thickness rivet with and without 
decarburization at the point of failure during flaring over the 120° die. The stress partitioning between the 
decarburized surface and the bulk of the rivet can be seen in Figure 5.6b. The rivet geometries show a peak 
maximum principal stress that occurs on the interior of the rivet shank in the non-decarburized condition while the 
peak maximum principal stress occurs along the outer surface of the rivet shank just under the decarburized surface. 
  103 
The maximum principal stress distribution does not coincide with the location of failure initiation for the rivet that 
had not been decarburized since interrupted testing showed fracture initiation along the outer circumference of the 
rivet tail. The failure initiation site near the center of the rivet shank cross-section that was observed during 
fractography for the decarburized rivet deviates significantly from the location predicted using the maximum 
principal stress criterion on the outer surface of the rivet shank just below the decarburized surface. The behavior 
indicates that the maximum principal stress is not a valid indicator of failure for rivets regardless of surface 
microstructure, unlike the Cockroft and Latham criterion that correctly predicted the fracture initiation sites in each 
surface condition that was evaluated. The trends were similar when applied to the 1.25 mm (0.049 in) shank 




Figure 5.6 Comparison of maximum principal stress calculated from finite element simulations of a 1.00 mm 
(0.039 in) shank thickness rivet (a) quenched and tempered at 200 °C for 30 minutes and (b) after 
being decarburized for 60 minutes and tempered at 200 °C for 30 minutes. The maximum values 
occur at the tail of the rivet in (a) while (b) shows a maximum on the outer bore of the rivet shank 
just beneath the decarburized surface layer. 
 
 If an equivalent analysis is performed utilizing the maximum principal strain as a simplified failure 
criterion, the results are much less indicative of the failures that were noted during fractography and interrupted 
testing. Figures 5.7a and 5.7b show the maximum principal strain distribution of the 1.00 mm (0.039 in) shank 
thickness rivet with and without decarburization at the point of failure during flaring over the 120° die. Each figure 
shows significant deviation from the fracture initiation sites that were experimentally determined with the non-
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decarburized rivet showing a maximum along the interface between the rivet and die with the decarburized rivet 
showing a similar location of the maximum principal strain. The principal strain occurs at a maximum at this 
location due to the compression of the rivet after coming into contact with the die that leads to a higher degree of 
hoop strain at the rivet/die interface. Utilizing this failure criterion during a simulation would not predict the correct 
location of failure without significant modification to account for the compressive strain occurring along the contact 
interface. The maximum principal strain distributions were similar when being applied to the 1.25 mm (0.049 in) 




Figure 5.7 Comparison of maximum principal strain calculated from finite element simulations of a 1.00 mm 
(0.039 in) shank thickness rivet (a) quenched and tempered at 200 °C for 30 minutes and (b) after 
being decarburized for 60 minutes and tempered at 200 °C for 30 minutes. The maximum values 




SUMMARY AND CONCLUSIONS 
Two specific case studies where the material properties of self-pierce rivets (SPR) were limiting the 
development of joints for automotive use were identified as 1) the joining of press-hardened steel (PHS) to Al6111 
and 2) commonization of rivets across different sheet material combinations. The failure modes that occurred in 
each case study were identified as either buckling of the rivet during joining of hard materials or fractures at the 
rivet tail as a result of flaring beyond design specifications. The fractures that developed during flaring were caused 
by a significant hoop strain that developed at the tail of the rivet that exceeded the available ductility of the rivet 
material, 10B37. A process to replicate the failures under laboratory conditions was developed by flaring of the 
rivets in compression through a range of strain paths. The flaring process was continually improved to yield 
comparable failures to those that occurred during joining trials. 10B37 rivets in two different geometries were 
evaluated over a range of hardness levels utilizing an extensometer and digital image correlation (DIC) to define the 
hoop strain during flaring. Uniaxial tensile testing of 10B37 wire was performed to determine any correlations 
between uniaxial tensile properties and rivet flaring performance. Three alternative alloys, 4130, 4340 and 5160, 
were used to cold-forge prototype rivets to be flared alongside 10B37 to determine if the use of alternative alloys 
could result in any performance gains over the current rivet material. Rivets with alternative microstructures were 
also evaluated for potential improved flaring performance by austempering 10B37 and 4340 to contain a mixture of 
lower bainite and martensite. After further examination of the austempering process, the performance gains were 
attributed to decarburization that had occurred during heat-treatment. 10B37, 4340 and 5160 rivets were 
intentionally decarburized and flared to failure to evaluate the impact of decarburization across the three alloys. It 
was determined that a surface layer of ferrite that developed in 10B37 and 5160 provided large improvements in 
flaring performance while also retaining sufficient column strength to function during SPR joining. The positive 
effects of decarburization were further evaluated through joining trials with each of the two case studies under 
investigation and yielded successful joining using 10B37 with the potential to achieve success with 4340 and 5160 
after process optimization. Finite element simulations of the rivet flaring process were developed and calibrated 
using DIC data to determine the stresses and strains that developed during flaring as well as evaluate the Cockroft 
and Latham failure criterion to predict the rivet fractures during flaring. Comparison between the Cockroft and 
Latham failure criterion conducted on tensile testing data and rivet flaring data showed discrepancies in regards to 
the amount of strain at failure with quenched and tempered rivets. However, the Cockroft and Latham failure 
criterion was able to successfully predict the location of the fractures that occurred during rivet flaring through 
multiple strain paths as well as the location of fracture initiation and the strain to failure when using decarburized 
rivets. 
 
The conclusions drawn from this investigation of the SPR process are as follows: 
• Two types of failures are expected during riveting based upon the hardness of the rivet and the sheet 
materials being joined. Rivets below 550 HV show the potential to buckle when joining hard materials, 
such as PHS. Rivets with hardness values in excess of 550 HV can form fractures at the rivet tail in 
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instances where a high degree of flaring is required, such as in commonization attempts using a longer than 
optimal rivet. 
• Uniaxial tensile properties are not sufficient to predict rivet performance when compared to the rivets. 
Deviations may occur due to the orientation of the wire drawing texture parallel to the tensile axis where 
the extrusion texture is orthogonal to the hoop strain during rivet flaring. Additional differences may be due 
to the round cross-section of the wire during tensile testing compared to the thin walled rivets. Tensile 
elongation was proposed as a metric for riveting performance as the fractures developed as a result of a 
high degree of hoop strain. However, as elongation remained relatively constant through the hardness 
levels tested and riveting strain to failure changed for the same conditions, there appeared to be no 
correlation. Values that have correlated tensile performance to hole-expansion ratio (YS/UTS, post uniform 
elongation) were more valid when predicting rivet flaring performance. The hardness of rivets that had 
been quenched and tempered also appeared to correlate with rivet flaring performance yielding higher 
degrees of flaring as hardness was decreased. 
• The riveting fractures were observed to initiate at the surface of the rivet tail. Due to the localized region of 
fracture initiation, the bulk properties of the rivet material were observed to be less important to flaring 
performance than the local microstructure at the point of rivet fracture. 
• Of the three alloys that were intentionally decarburized, only 10B37 and 5160 were able to achieve a 
surface layer of ferrite upon quenching whereas 4340 retained hardenability through the decarburization 
treatment and did not form an appreciable amount of ferrite at the surface. As a result, 10B37 and 5160 
showed much more improvement in flaring capability due to the ferrite surface layer. 
• The results produced during flaring trials directly translated to the riveting process which produced 
successful joints using 10B37, 4340 and 5160 decarburized rivets in specific cases with 10B37 being able 
to join each of the sheet material combinations under investigation. The similar results obtained between 
flaring experiments and the joining process indicate mechanical rivet flaring is a viable method to assess 
rivet performance across different alloys and microstructures. 
• The Cockroft and Latham failure criterion was able to successfully predict the location of fracture initiation 
through multiple strain paths, rivet geometries and microstructure combinations. The failure criterion was 
also able to predict the strain to failure during flaring of decarburized rivets while underestimating the 





 The future work that could be completed as a result of the testing performed during this project center 
around three main areas of interest; continuing evaluation of riveting performance using decarburized rivets, 
integration of failure criterion into full riveting simulations and determining the impact of the decarburization 
process on other metal forming operations. 
 The capability to produce decarburized rivets on an industrial scale must be evaluated to allow 
implementation of decarburized rivets within the production process for automobiles. Since rivets are produced 
through a continuous process of austenitizing, quenching, tempering, cleaning and coating, the applicability of 
decarburization must be evaluated and any modifications to the process stream must be made to allow large scale 
production of decarburized rivets. Additionally, static joint testing must be performed to further evaluate any 
positive effects of decarburized rivets when compared to conventionally processed rivets for demanding joining 
scenarios like the two case studies presented in this document. Fatigue testing of the joints must also be completed 
before any decarburized rivets may be integrated into the design and production of vehicles. Due to the conclusions 
drawn about rivet alloys in relation to hardenability and strength, further evaluation of alternative alloys may be 
carried out to define alloys that provide low cost, high strength and the ability to decarburize during short time 
periods. A potential candidate alloy for this work would be 1045 plain carbon steel as the steel is capable of 
hardening during an oil quench while also providing high strength, a low potential for quench embrittlement and the 
ability to decarburize over a short period of time. 
 Alternative techniques to yield a similar surface microstructure could be performed to identify alternative 
processing paths to provide similar performance increases. Induction tempering of the surface of the rivets could 
provide a similar effect as well as austempering at high temperatures to allow the surface to avoid the critical 
cooling rate to form martensite while the bulk of the material is hardened during quenching. 
 The SPR industry typically develops joints based upon a catalog of successful rivet, die and sheet metal 
combinations along with trial and error testing of new material combinations to provide successful joining. 
Considerable work is being conducted to reduce the trial and error development of new joints by integrating 
simulations of the SPR process to determine joint characteristics. Currently, very few simulations integrate a failure 
criterion for the rivet, which limits the ability of the simulation to accurately predict any failures that may occur 
during joining. Continued evaluation of failure criteria to determine the most robust and repeatable predictor of rivet 
failures could be performed to increase the applicability and accuracy of SPR joining simulations to reduce the 
resources and time devoted to development of new joints. 
Since decarburization is typically thought of as being detrimental to material properties, there is potential to 
evaluate the positive effects of decarburization through other metal forming processes. This work has shown that 
significant gains in ductility can be made if decarburization is performed on parts where the deformation leads to the 
nucleation of surface fractures. Work has been conducted on 300M steel sheets that had been intentionally 
decarburized and has shown an increase in bending performance [50]. Efforts on bending performance could be 
continued and adapted to other alloys that develop a ferrite surface layer to determine if further performance 
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increases are possible. Experiments could be conducted utilizing decarburized sheet material during bending in 
tension, angular stretch bend testing or tube flaring to determine if the positive effects of decarburization could 
translate to alternative metal forming techniques using high strength steel sheet or tube. Additional testing, such as 
fatigue testing, corrosion testing or hydrogen embrittlement experiments could be performed to determine if the 
decarburization process could lead to any deleterious effects after the parts are formed which may negate any gains 
provided by the potential additional formability.  
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APPENDIX A 
TORSION TESTING OF 10B37 WIRE 
 In an effort to streamline the future evaluation of alternative alloys for SPR production, a test 
method to assess riveting performance without the production of prototype rivets was of interest. During 
the rivet flaring process, a strain gradient is produced with the highest strain being located at the surface. 
As a result, a torsion test method was chosen which applied a high degree of surface strain with a strong 
gradient proceeding inward from the surface to the bulk while also making use of standard wire specimens 
with no significant preparation. The torsion testing procedure developed by R. Pennington for torsion 
testing of pearlitic wire was employed [67]. The testing procedure consisted of mounting a wire specimen 
with a total length of 254 mm (10.0 in) into specialized torsion grips that applied a clamping force to each 
end of the specimen and allowed for torsion to be applied along a specific gage length. The gage length was 
defined as 102 mm (4.00 in) while placing 76 mm (3.0 in) of wire in each grip to allow sufficient clamping 
force to prevent slipping. The grip assembly was placed vertically into two chucks mounted on an 
Instrumet load frame; one was fixed and attached to a 226 N*m (2000 in*lb) torsional load cell, and the 
other which was attached to a fixture to allow the relaxation of any axial load through a spring assembly 
and imposed the specified rotation speed of 0.5 revolutions per minute (RPM).  This rotation speed was 
chosen to allow the dissipation of any heat evolved during the deformation process. Wire samples of 10B37 
were heat-treated to differing levels of decarburization using the same salt-pot technique that has been 
previously described. Due to the significant size of the specimens and material limitations, a single 
specimen of each decarburization level was tested. The samples were tested in torsion until failure while 
the torque and time were recorded. The time was used to calculate the total number of rotations and 
associated angle of twist in radians that had occurred during testing. The torque and twist data were 
converted to surface shear stress and surface shear strain using the Nadai method [68]. 
 
A.1 Torsion Testing of 10B37 Decarburized Wire 
In an effort to extrapolate riveting performance through the testing of wire products, 10B37 wire 
was subjected to varying levels of decarburization and tested in torsion to determine the impact of 
decarburized layer thickness on both torsional strength and surface strain to failure. The surface shear stress 
as a function of surface shear strain for 10B37 wire decarburized for 20 and 60 minutes with 30 minutes of 
tempering at 200 °C along with 10B37 wire in the spheroidized condition are shown in Figure A1. As 
decarburization increases, the shear strain to failure increases dramatically from approximately 0.2 to 0.8. 
The shear stress decreases approximately 50 pct as the decarburized surface layer increases in thickness. 
These trends are similar in terms of strain to failure when compared to the results seen in the flaring of 
decarburized rivets. However, the strength of the rivets is much less affected by the decarburized surface 




Figure A.1 Surface shear stress as a function of surface shear strain curves for 10B37 wire decarburized for 20 minutes 
and 60 minutes followed by tempering at 200 °C for 30 minutes along with 10B37 wire in the spheroidized 
condition. Surface shear stress decreases as the ferrite surface layer is increased while surface shear strain 
to failure increases with ferrite surface layer thickness. The fully ferritic spheroidized sample shows lower 


























































Surface Shear Strain 
10B37 200 °C 30 M 
Decarburized 60 min 
10B37 200 °C 30 M 




 THREE-POINT BEND TESTING OF 10B37 WIRE 
Three-point bend testing was performed on 10B37 wire based on the conclusions derived from the 
bending tests of 300M steel that had been intentionally decarburized to varying degrees [50]. Three-point 
bend may provide a metric to assess both strength and ductility of wire material in the decarburized 
condition. Testing was performed using a three-point bend fixture produced by Wyoming Test Fixtures 
using 6.35 mm (0.25 in) rollers with the bottom two spaced 38.5 mm (1.5 in) apart and the top centered; the 
test fixture is shown in Figure 3.6. 10B37 wire samples were prepared from 5.5 mm (0.216 in) diameter 
straightened wire with a nominal length of 50 mm (1.96 in). Wire samples were heat-treated in open air at 
900 °C for 20 and 60 minutes to impart differing levels of decarburization. The samples were then 
quenched into oil at room temperature and tempered at 200  °C in open air for 30 minutes. Wire samples in 
the as-received spheroidized condition were also tested. The heat-treated wire samples were placed into the 
three-point bend fixture and a preload of 44 N (10 lbf) was applied. The crosshead was moved down at 
2.54 mm/min (0.1 in/min) until the wire samples either fractured, or were bent to a degree such that the 
sample was forced through the bottom two rollers. Load and crosshead displacement were recorded and 
two trials were run for each heat-treatment condition. 
 
 
Figure B.1 Three-point bend testing apparatus for performing bend testing of decarburized 10B37 
wire samples. The sample is placed between the bottom span as the preload is applied. 
The test is then conducted with the crosshead moving down while load and 
displacement are recorded. 
 
B.1 Three-Point Bend Testing of 10B37 Decarburized Wire 
 Due to the inability of the torsion testing procedure to accurately predict the trends in both strain 
to failure and strength as decarburization was applied, a three-point bend procedure was evaluated to better 
assess strength and ductility in regards to rivet flaring performance while utilizing wire samples. Force as a 
function of crosshead displacement curves for three-point bending of 10B37 wire decarburized for 20 and 
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60 minutes with tempering at 200 °C along with 10B37 wire in the spheroidized condition are shown in 
Figure B2. Crosshead displacement to failure increases as the decarburized surface layer increases in 
thickness with a less dramatic drop in strength than was observed during torsion testing. Both the wire that 
had been decarburized for 60 minutes and the spheroidized wire did not fracture and conformed to the 
angle of the top punch, leading to the inability to assess crosshead displacement to failure for each of these 
samples. Photographs of bent wire specimens are shown in Figure B3a-c. 
 
 
Figure B.2 Three-point bending curves showing force as a function of crosshead displacement for 
10B37 wire decarburized for 20 and 60 minutes with 30 minutes of tempering at 200 °C 
along with 10B37 spheroidized wire. Crosshead displacement increases as ferrite surface 
layer thickness increases. Both the 60 minute decarburized samples and the spheroidized 
samples did not fracture. 
 
   
(a)  (b) (c) 
Figure B.3 Three-point bend samples for (a) 20 minutes decarburization, (b) 60 minutes 
decarburization, (c) spheroidized. Increased ductility is visible as decarburization is 
increased; both the 60 minute decarburized samples and spheroidized samples did not 
fracture. 
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Crosshead Displacement [mm] 
10B37 200C 30M 
Decarburized 60 min 
*Sample did not fracture 
10B37 200C 30M 
Decarburized 20 min 
10B37 Spheroidized 
*Sample did not fracture 
